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Introduction:  Prostate  cancer  is  largely  incurable  once  it  has  metastasized  to  other  organs  and  progressed 
to  a  state  of  androgen  independence,  and  metastatic  cells  frequently  cease  to  express  the  AR.  Paradoxically, 
although  castration  and  removal  of  circulating  androgens  is  one  treatment  for  prostate  cancer  at  initial 
diagnosis,  re-expression  of  the  AR  in  cultured  cancer  cells  strongly  inhibits  their  growth  and  tumorigenicity.  The 
research  proposed  here  will  determine  the  ability  of  sod2  and  sox9  to  effectively  carry  out  the  tumor 
suppressive  function  of  mac25  and  to  what  extent  sod2  and  sox9  are  also  regulated  by  the  AR.  If  mac25  and 
AR  actions  are  similar,  then  mac25  could  be  visualized  as  a  substitute  in  metatstatic  cells  and  an  effective 
control  mechanism  for  androgen-independent  disease.  Experiments  with  gene  transfection  address  the  extent 
of  sod2  and  sox9  induction  by  both  mac25  and  the  AR,  the  individual  anti-tumor  activity  of  each  protein,  and 
the  identification  of  other  genes  which  may  be  up-regulated  by  mac25.  The  system  will  be  manipulated  by 
artificial  expression  of  individual  proteins  in  cell  cultures  as  well  as  blocking  cellular  synthesis  of  individual 
proteins  with  antisense  DNA.  The  consequences  of  these  manipulations  will  be  assessed  by  laboratory  assays 
to  determine  rates  of  cell  proliferation,  the  ability  to  grow  in  conditions  which  favor  tumor  cells,  the  occurrence 
of  programmed  cell  death,  production  of  specific  gene  products,  production  of  molecules  which  inhibit 
progression  of  cells  through  the  cell  cycle  (cell  division),  and  the  initiation  of  signaling  from  the  IGF  cell  surface 
receptor. 

Task  1 :  Determine  if  either  SOD-2  or  sox9  is  necessary  and/or  sufficient  for  effective  tumor  suppression  by 
mac25. 

a)  Measure  levels  of  sod2  and  sox9  expression  in  mac25  by  Western  and  Northern  blotting  (Months  1- 

3) 

b)  Perform  in  vivo  and  in  vitro  tumor  cell  growth  assays,  and  apoptosis  assays,  using  cell  lines 
transfected  with  sod,  sox,  or  mac25  (Months  3-12) 

c)  Develop  antisense  oligonucleotide  technique  with  sod2  and  sox9,  confirm  inhibition  of  expression, 
and  perform  bioassays  as  described  in  1b  in  the  presence  either  sod  or  sox  antisense.  (Months  6- 
12) 

*  Results  of  Task  1  are  in  the  attached  paper  -  Drivdahl  R,  Tennant  MK,  Sprenger  CT,  Nelson  PS,  Plymate 
SR  2004  Transcription  Factor  SOX9  Regulation  of  Prostate  Cancer  Growth.  Oncogene.  3;23(26):4584-93 


Task  2:Analyze  the  effects  of  both  SOD-2  and  sox9  on  specific  proteins  and  activities  of  cell  cycle  and 
apoptotic  pathways  known  to  be  regulated  by  mac25.  This  will  determine  if  any  or  all  of  these  activities  are 
mimicked  by  SOX9  or  SOD-2  alone,  or  if  expression  of  both  genes  is  required.  If  only  one  is  required,  this 
would  indicate  that  its  induction  is  an  early  event  in  a  cascade  initiated  by  mac25. 

a)  Determine  expression  of  specified  cell  cycle  proteins,  and  perform  flow  cytometry,  in  M12/sod2  and 
M12/sox9.  Repeat  in  presence  of  antisense  oligos  in  cases  where  both  sod2  and  sox9  are 
upregulated.  (Months  12-18) 

b)  Clone  sod2  and  sox9  in  adenoviral  vector,optimize  conditions,  and  test  production.  (Months  12-18) 

c)  Determine  cell  cycle  protein  expression  and  cell  kinetics  in  cells  infected  with  either  sod2  or  sox9 
adenoviral  constructs.  (Months  18-24) 

Results  of  Studies  in  Task  2: 

Induction  of  senescence  in  prostate  epithelial  cells  by  expression  of  mac25  results  in  suppression  of  tumor 
formation  and  secretion  of  proteins  that  may  potentiate  tumor  growth  in  adjacent,  non-senescent  cells. 
Additionally,  expression  of  mac25  modulates  production  of  several  additional  proteins  involved  in  senescence 
and  differentiation,  as  well  as  elements  of  the  extracellular  matrix. 

Mac25  increased  senescence  and  decreased  tumor  formation  of  human  prostate  cancer  ceiis. 

Mac25  was  first  described  as  a  gene  that  was  down  regulated  in  meningioma  cell  lines  compared  to  benign 
leptomeningeal  cells  and  then  as  a  senescence-associated  gene  in  mammary  epithelial  cells."^®’^^^  Bavik  et  al 
further  demonstrated  an  increase  in  mac25  transcript  in  senescent  prostate  fibroblasts  compared  to 
proliferating  fibroblasts  (ref).'^^  We  have  shown  that  in  normal  prostate  epithelial  cells  that  transcript  and 
protein  levels  of  mac25  increased  upon  exposure  to  TGF-  or  retinoic  acid,  an  inhibitor  ofepithelial  cell 
growth. In  addition,  we  found  the  levels  of  mac25  decreased  in  various  prostate  cancer  cell  lines  (all 
epithelial  based),  in  microdissections  of  prostate  tumors,  as  well  as  in  immunohistochemical  staining  of  prostate 
caneer  tissue."^’  ”^  Overexpression  of  mac25  in  the  Ml 2  prostate  eancer  eell  line  led  to  inereased  levels  of 
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senescence,  an  arrest  in  G1  of  the  cell  cycle,  and  decreased  growth  and  tumorigenicity  in  vitro  and  in  vivo  . 
cDNA  arrays  comparing  M12mac25  cells  with  Ml 2  cells  demonstrated  increases  in  the  transcription  factor 


Figure  1.  Senescence  associated  (SA)-  p- 
galactosidase  staining  in  (A)  PCS,  M12  control 
cells  (M12pc),  and  a  representative  nnac25  high 
expressing  clone  (Ha)  and  (B)  the  percentage  of 
cells  staining  positive  for  SA-  p  -galactosidase  in 
each  cell  type.  The  sta  ining  was  performed  four 
times.  Arrows  point  to  cells  that  stained  positive 
for  SA-  p  -galactosidase  .  No  staining  occurred  in 
the  PCS  cells,  which  do  not  undergo  senescence 
and  thus  were  used  as  a  negative  control. 

*=P<0.01  compared  to  M12  control  cells 


Figure  2.  A.  Colony  growth  in  soft  agar  of  M12  control,  low  (L),  and 
high  (Ha,  Hb,  He)  mac25  expressing  clones  (  ±SE).  *,  P  =  0.0001  versus 
Ml  2  control  and  low  (L).  B.  Change  in  tumor  volume  over  an  8-week 
period  in  athymic  ,  nude  mice  that  were  given  s.c.  injections  of  Ml 2, 
low  (L),  and  high  (Ha,  Hb,  He)  mac25  expressing  clones.  At  week  8,  Ha 
tumors  were  significant!  y  smaller  than  control  tumors  (*,  P  <  0.01 )  and  L 
tumors  (#,  P  <  0.001).  Furthermore,  control  tumors  were  significantly 
smaller  ($,  P  <  0.001 )  than  L  tumors.  Because  tumors  did  not  form  in 
the  Hb  and  He  mice,  they  could  not  be  included  in  this  statistical 
comparison. 


Sox9  (SRY-related  HMG  box  9).  The  M12Sox9  cell  lines 
decreased  cell  proliferation  and  tumor  growth.  Array  data  on  the 
M12Sox9  line  revealed  alterations  in  extracellular  matrix 
components,  including  an  increase  in  the  laminin  a4  chain. 


Primary  Epithelial  Cells 


mac2  i 


LAMA4rtPCR 


Blank  uninf  uninf  laez  laez  SOX9  SOX9 
Figure  3.  SOX9  induces  laminin  subunit  4  in  primary  prostate  epithelial  cells. 
SOX9  expression  was  accomplished  with  an  adenoviral  SOX9  construct.  The 
increase  in  laminin  4  was  confirmed  in  each  cell  line  by  RT-PCR.  laeZ  is  an 
adenoviral  control  vector  (84) 
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Figure  5,  Real-time  PCR  comparing  expression 
levels  of  mRNA  for  the  various  laminin  chains 
(LN).  C)  General  laminin  structures  (modified  from 
Patarroyo,  et  al,  2002  [Sem  Cancer  Biol;  12:197- 
207])  of  the  primary  laminins  detected  in  the  Ml 2 
(primarily  LN  5)  and  M12mac25  cells  (primarily  LN 
9  and  LN  8). 
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C.3.  Regulation  and  Activity  of 

Cancer 

C.3.1.  Mac25  alters  laminin 

M12  cells  and  PrECs  infected  with 
LNa4  compared  to  M12  control  cells. 
PCR  confirmed  these  results.  In 


ERK1/2 


Figure  4.  Laminin  subunit 
expression  in  the  Ml 2 
human  prostate  epithelial 
cell  line  infected  with  control 
adenoviral  vector  or  SOX9 
adenoviral  construct,  or 
mac25.  These  changes 
were  also  confir&ed  at  the 
transcript  level  by  Northern 
analysis  (data  not  shown) 


Laminins  in  Prostate  Senescence  and 


subunit  expression:  cDNA  arrays  on 
adenoviral  SOX9  showed  an  increase  in 
Subsequent  Western  blotting  and  real-time 
addition,  Western  immunoblots  and  real- 


time  PCR  on  primary  prostate  epithelial  cells  also  showed  an 
(Figures).  Westerns  blots  done  on  whole  cell  lysates  from 
stably  transfected  M12/SOX9  or  mac25  cells  (which  have 
elevated  expression  of  SOX9)  demonstrated  an  increase  in 
LNa4  andp2  and  a  decrease  in  LNpS  compared  to  the  M12  cells 
(Figure  4).  Results  were  confirmed  with  Qt-rtPCR.  LNa4 
protein  has  not  been  previously  shown  to  be  present  In  prostate 
epithelium  (Figure  5).  The  changes  detected  so  far  Indicate  a 
shift  from  LN-5  (aSaccS  y2),  6  (a3b  pi  yi),  or  7  (aSp  P2  y1 )  to  LN-8 
in  malignant  cells  and  new  expression  of  LN-8  or  LN-9 
(a4p2y1)  in  senescent  cells.  The  consequence  of  these  initial 
findings  in  malignant  prostate  epithelium  is  not  known,  nor  is  it 
clear  which  factors  determine  the  differential  expression  of  LN-8 
and  LN-9.  However,  data  from  other  systems  which  indicate  that 
a  shift  to  LN-9  is  associated  with  quiescence,  and  new 
expression  of  LN-8  in  proliferating  vessels  walls  and  cancerous 
epithelium  is  consistent  with  data  showing  that  LN-8  facilitates 
tumor  invasion  and  its  in  vivo  expression  correlates  with  a  poor 
prognosis. 


increase  in  LNoc4  following  SOX9  infection 


Figure  6.  Phase  contrast  (  A,  C)  of  M12cells  grown 
on  ECM  prepared  from  LNoc4  subunit  transfected 
M12  cells.  Compared  to  ECM  from  wtM12  cells  in 
which  the  M12  cells  grow  aas  a  flat  cuboidal  layer  72 
hrs  after  plating,  there  is  marked  “piling  up  “  of  cells 
on  the  LNoc4  ECM  suggesting  more  aggressive 
growth. 


When  M12  cells  were  plated  on  ECM  prepared  from  M12  cells 
transfected  with  an  oc4  expression  vector  (  increased  laminin  8),M12oc4 
cells,  there  was  a  marked  loss  of  contact  inhibited  and  anchorage- 
independent  growth  consistent  with  a  more  aggressive  phenotype  induced 
by  the  senescent  ECM,  (figure  6).  When  we  compared  the  growth  of  the 
M12LNa4  expressing  cells  in  soft  agar  to  parent  M12cells,  and  the 
senescent  M12mac25  cells,  the  LNoc4  cells  formed  significantly  more 

colonies  in  soft  agar  than  M12 
control  cells,  p>  0.001,  whereas 
the  mac25  senescent  cells  had 
very  low  colony  formation  in  soft 
agar  compared  to  either  Ml 2  or 
LNcc4M12,  p  <0.01,  Figure  7. 

This  is  consistent  with  our 
published  data  that  mac25  Ml 2 
senescent  cell  are  poorly 
tumorigenic  in  a  nude  mouse 
tumor  assay  compared  to  Ml 2 
cells  (7).  Changes  in  integrin 
expression  from  cell  lysates  of 
Ml 2  cells  in  which  we  have  expressed  different  laminin  isoforms  are 
shown  in  Figure  7. 

In  contrast,  when  M12  cells  expressing  LNx4  and  fl2  laminin  subunits  (  increased  laminin  9)  M12 
oc4(l2,  colony  growth  in  soft  agar  was  suppressed  similar  to  the  Ml 2  mac25  cells,  figure  7  (  put  another  blank 
circle  below  Ml  2  mac  25,  if  you  don’t  have  a  new  picture  let  me  know  and  I  will  do  it.) 

C.3.4.  Laminin  expression  in  normal  and  malignant  prostate  tissue:  Human  prostate  tissue  with 
normal  regions  and  adjacent  tumor  was  stained  with  antibodies  to  LN-1  (a1  piyl )  and  the  a4  subunit.  In  normal 
prostate  LNa4  was  detected  around  smooth  muscle  bundles  and  in  the  media  of  blood  vessels,  but  not  in 
epithelium.  In  areas  of  cancer,  tongues  of  epithelial  cells  penetrating  the  epithelial  acini  were  brightly  stained 
for  LNa4  (Figure  8).  These  observations  indicate  that  there  is  new  expression  of  LNa4  in  areas  of  tumor. 

In  summary,  these  data  demonstrate  the  the  changes  in  laminin  composition  generated  by  senescenct 
prostate  epithelial  cells  demonstrate  the  potential  mechanism  for  induction  of  antagonistic  pleiotropy 
exhibited  by  senesce  in  the  prostate  environment .  Determination  of  how  these  changes  in  laminin  expression 
function  to  either  enhance  or  suppress  tumor  formation  and  growth  will  permit  targeting  laminin  signaling 
through  human  antibodies  to  the  integrin  receptors  for  laminin  to  treat  prostate  cancer. 


Figure.  8.  Laminin  a4  staining  of  human 
prostate  cancer.  C)  An  area  of  abnormal 
epithelium  where  the  matrix  surrounding  the 
cells  is  positively  stained.  D)  An  area  of  the 
tumor  where  the  normal  architecture  is 
disrupted  showing  that  invasive  epithelial  cells 
are  the  most  positively  stained. 


RPMI  RPMI 

complete  ^ 

+  1%  FBS 

M12LNa4 


M12 


M12  mac25 

M12  LN  a4§2 

Soft  agar 

Figure  7.  Soft  agar  growth 
demonstrating  enhanced  growth  of 
M12LNoc4  cell  growth  in  absence  of 
epithelial  growth  media.  Whereas, 
senescent  mac25  cells  and  a4Q>2  cells 
are  fully  dependent  on  epithelial 
media. 
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Task  3:Analyze  the  interaction  between  mac25  and  androgen-responsive  pathways.  We  will  determine  if 
reexpression  of  the  AR  regulates  the  expression  of  either  SOD-2  or  SOX9,  and  if  SOD-2  or  SOX9  can  alter 
androgen  receptor  transcription  activity.  Production  of  specific  proteins  associated  with  differentiation,  including 
cytokeratins  and  cadherins,  will  also  be  assayed  in  cells  transfected  with  mac25,  sod-2,  sox9,  or  AR. 

a)  Determine  timing  and  expression  of  sod2  and  sox9,  by  Western  and  Northern  blotting,  in  cells 
carrying  the  inducible  temperature-sensitive  AR  vector  (Months  21-24) 

b)  Measure  PIS  and  IGF-1R  signaling  in  M12/AR,  M12/sod2,  and  M12/sox9  cells.  In  cells  which 
produce  only  sod2  or  only  sox9,  meaure  signaling  in  presence  and  absence  of  adenoviral  infection 
with  construct  for  the  gene  product  not  present.  (Months  24-30) 

c)  Test  cytokeratin,  cadherin,  and  ERK  expression  in  cells  and  conditions  described  above,  by 
immunocytochemistry  and  Western/Northern  blot  analysis.  (Months  31-36). 

*  Results  of  Task  3  are  reported  in  the  attached  paper  Plymate  SR,  Roberts  CTJr,  Tennant  MK,  Haugk  k, 
Woodke  L,  Marcelli  M,  Ware  JL,  2004  IGF-IR  Regulation  of  Androgen  Receptor  Signaling  in  progression  to 
Metastatic  Prostate  Cancer.  Prostate.  61:276-284 

Task  4:  Assess  the  extent  to  which  either  sod-2  or  sox9,  via  their  activities  in  intracellular  signalling  and 
transcriptional  regulation,  can  account  for  the  gene  expression  pattern  associated  with  tumor  suppression  by 
mac25.  This  will  be  accomplished  by  the  use  of  microarrays  of  cell  cycle  or  apoptotic  genes,  which  will  be 
screened  using  RNA  from  cells  transfected  with  sod-2  or  sox9. 

•  Results  of  Task  4  are  published  in  the  attached  papers. 

Bavik,  C  Coleman,  I  Dean,  J  Knudsen,  B  Plymate,  S  Nelson,  PS  The  Gene  Expression  Program  of  Prostate 
Fibroblast  Senescence  Modulates  Neoplastic  Epithelial  Cell  Proliferation  Through  Paracrine  Mechanisms. 
2006  Cancer  Research  66:794-802. 

.  Reed,  M J  Karres,N  Eyman,D  Cruz’  A  Brekken’  RA  Plymate,  SR  2006  T umor  cell  dependent  effects  of  aging 
on  tumor  growth  and  angiogenesis.  Epub  Nov  27  Int  J  Cancer 

Wu,  JD  Haugk,  K  Woodke,  L  Nelson,  P,  Coleman,  I  Plymate,  SR.  2006 

Interaction  of  IGF  signaling  and  the  androgen  receptor  in  prostate  cancer  progression.  J  Cell  Biochem.  99:392- 
401 


Key  Research  Accomplishments 

•  Defining  the  mechanisms  for  Mac25  suppression  of  tumor  growth 

•  Demonstrating  the  contribution  of  senescent  cells  to  tumor  growth 

•  Demonstrating  interaction  of  the  IGF-IR  and  Androgen  Receptor 

•  Demonstrate  that  tumor  cells  alter  their  interactions  with  the  microenvironment  depending  on 
the  laminin  subunits  they  contribute  to  the  ECM. 

Reportable  Outcomes 

Drivdahl  R,  Tennant  MK,  Sprenger  CT,  Nelson  PS,  Plymate  SR  2004  Transcription  Factor  SOX9 
Regulation  of  Prostate  Cancer  Growth.  Oncogene.  3;23(26):4584-93 

Plymate  SR,  Roberts  CTJr,  Tennant  MK,  Haugk  k,  Woodke  L,  Marcelli  M,  Ware  JL,  2004  IGF-IR 
Regulation  of  Androgen  Receptor  Signaling  in  progression  to  Metastatic  Prostate  Cancer.  Prostate. 
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Conclusions:  The  most  significant  conclusion  that  is  going  to  be  derived  from  the  work  on 
this  proposal  is  the  relationship  of  tumor  cell  contribution  to  the  extra  cellular  environment 
and  tumor  growth.  This  was  unexpected  when  we  started  this  proposai  and  this  work  has  not 
been  completed.  However,  based  on  the  findings  generated  in  this  DOD  proposal  Dr.  Plymate 
has  received  a  Syr  NCi/NiH  U54  Program  Project  to  further  develop  these  interactions. 


Appendix 


8 


Oncogene  (2004)  23,  4584-4593 
©  2004  Nature  Publishing  Group  All  rights  reserved  0950-9232/04  $30.00 


www.nature.com/onc 


Suppression  of  growth  and  tumorigenicity  in  the  prostate  tumor  cell  line 
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Overexpression  of  mac25  in  the  prostate  cancer  cell  line 
M12  effects  a  dramatic  reversal  of  the  transformed 
phenotype.  cDNA  array  analysis  of  RNA  from  cells 
overproducing  the  mac25  protein  (M12/mac25)  indicated 
upregulation  of  the  sex  determining  transcription  factor 
SOX9.  In  this  study,  we  have  confirmed  increased 
expression  of  SOX9  in  M12/mac25  cells  and  have  further 
investigated  the  physiological  effects  of  increased  SOX9 
production.  Greatly  increased  levels  of  SOX9  RNA  and 
mature  protein  were  demonstrated  in  cells  transfected  with 
a  SOX9  cDNA  (M12/SOX9),  and  gel  mobility  shift 
assays  confirmed  binding  of  nuclear  protein  from  these 
cells  to  an  oligonucleotide  containing  the  SOX9  consensus 
binding  sequence.  M12/SOX9  cells  assumed  the  spindle- 
shaped  morphology  characteristic  of  M12/mac25  cells, 
suggesting  that  SOX9  mediates  some  effects  of  mac25. 
Elevated  expression  of  SOX9  resulted  in  a  decreased  rate 
of  cellular  proliferation,  cell  cycle  arrest  in  GO/Gl,  and 
increased  sensitivity  to  apoptosis.  Tumor  development  in 
athymic  nude  mice  was  inhibited  by  80%.  Finally, 
prostate-specific  antigen  and  the  androgen  receptor,  two 
genes  whose  expression  is  characteristic  of  differentiated 
cells,  were  both  upregulated  in  M12/SOX9  cells.  These 
data  indicate  that  SOX9  contributes  to  growth  regulation 
by  mac25  via  inhibition  of  cell  growth  and  promotion  of 
differentiation. 

Oncogene  (2004)  23, 4584-4593.  doi:  10. 1038/sj.onc.  1207603 
Published  online  12  April  2004 
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Introduction 

Insulin-like  growth  factor  binding  protein-related  pro¬ 
tein  1  (IGFBP-rPl),  originally  termed  mac25  in  menin- 
gial  and  mammary  cell  lines,  has  also  been  called  tumor 
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cell  adhesion  factor  (TAF),  prostacyclin  stimulating 
factor  (PSF),  or  angiomodulin,  depending  on  cell 
context  (Swisshelm  et  ai,  1995;  Kato  et  ai,  1996;  Oh 
et  ai,  1996;  Kishibe  et  ai,  2000).  It  was  cloned  as  a  gene 
that  is  decreased  in  meningioma  cell  lines  compared  to 
primary  cultures  of  benign  leptomeningeal  cells  (Mur¬ 
phy  et  ai,  1993)  and  as  a  senescence-associated  gene 
from  human  mammary  epithelial  cells  (Swisshelm  et  ai, 
1995).  We  have  previously  demonstrated  increased 
mac25  expression  in  senescent  human  prostate  epithelial 
cell  cultures  (Lopez-Bermejo  et  ai,  2000),  and  research 
on  a  variety  of  malignancies  has  demonstrated  that 
mac25  is  a  potential  tumor  suppressor  protein.  Burger 
et  al.  (1997)  identihed  loss  of  heterozygosity  in  50%  of 
breast  cancer  tissues,  and  expression  of  a  transfected 
mac25  cDNA  in  MCF-7  breast  cancer  cells  resulted  in 
decreased  cell  proliferation,  an  increase  in  noncycling 
cells  with  arrest  at  GO/Gl,  and  a  signihcant  increase  in 
senescence-associated  j^-galactosidase  (Wilson  et  al., 
2002).  In  murine  SV40-T-induced  hepatocellular  cancer, 
mac25  is  silenced  by  methylation  (Komatsu  et  al,  2001). 
Production  of  mac25  has  been  shown  to  decrease  in 
metastatic  prostate  cancer  (Hwa  et  al,  1998);  re¬ 
expression  of  the  protein  in  a  human  prostate  epithelial 
cell  line  inhibited  tumor  formation  in  vivo  when  the 
transfected  cells  were  placed  in  nude  mice,  and  in  vitro  it 
resulted  in  an  increased  sensitivity  to  apoptosis, 
increased  cell  doubling  time,  decreased  invasion,  and 
altered  cell  morphology  (Sprenger  et  al,  1999).  mac25 
has  also  been  demonstrated  to  have  a  nuclear  localiza¬ 
tion  sequence,  and  in  the  M12  human  prostate  tumor 
cell  line,  it  localized  to  the  nucleus  in  association  with 
neuroendocrine  differentiating  protein  25.1  (Wilson 
et  al.,  2001).  These  data  suggest  that  mac25  may  act 
by  directly  activating  transcription  of  one  or  more 
effector  molecules  that  are  responsible  for  tumor 
suppression  activity. 

As  a  hrst  step  in  the  identihcation  of  genes  induced  by 
mac25  expression  in  prostate  epithelial  cells,  we  have 
performed  cDNA  array  analysis  of  M12  cells  over¬ 
expressing  IGFBP-rPl /mac25,  and  on  M12  cells  trans¬ 
fected  with  empty  vector  (Plymate  et  al.,  2003).  Among 
several  gene  products  determined  to  be  upregulated  in 
M12/mac25  cells  was  the  transcription  factor  SOX9,  a 
critical  protein  in  male  gonadal  development  and  in 
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chondrogenesis.  SOX9  belongs  to  a  family  of  transcrip¬ 
tion  factors  named  for  their  DNA-binding  domain 
(SRY-related  HMG  box);  it  activates  transcription  and 
causes  DNA  bending  (Marshall  and  Harley,  2000; 
Koopman  et  al,  2001).  Mutations  or  deletions  in 
humans  result  in  campomelic  dysplasia  syndrome 
manifest  as  chondro-dysplastic  dwarfism,  chondrocyte 
sarcomas,  and  sex  reversal  or  intersex  if  the  subject  is 
XY  (Kanai  and  Koopman,  1999;  Olney  et  al.,  1999; 
Preiss  et  al,  2001).  SOX9  is  a  downstream  effector  of 
SRY,  which  in  turn  is  dependent  on  the  activity  of 
androgens  and  the  androgen  receptor  (AR)  (Kent  et  al., 
1996;  Bowles  and  Koopman,  2001).  The  central 
importance  of  this  factor  in  development  is  illustrated 
by  the  observation  that  in  XX  transgenic  mice, 
production  of  SOX9  results  in  completely  normal  testis 
development  and  spermatogenesis  (Healy  et  al.,  1999; 
Vidal  et  al.,  2001;  Clarkson  and  Harley,  2002).  SOX9 
has  not  been  studied  in  prostate  cells,  but  its  role  in  cell 
differentiation  and  its  potential  for  interaction  with 
androgens  and  the  AR  suggest  that  it  may  have 
powerful  tumor  suppressive  activity.  In  the  current 
study,  we  have  investigated  the  effects  of  SOX9  on 
growth,  apoptosis,  and  tumorigenicity  in  prostate  cancer 
cells  by  transfection  of  the  SOX9  cDNA  into  the  M12 
human  prostate  cancer  cell  line.  Our  results  demonstrate 


effects  of  SOX9  on  cell  growth  and  gene  expression 
consistent  with  mediation  of  mac25  activity  through 
promotion  of  differentiation  and  inhibition  of  malignant 
proliferation. 


cDNA  array  analysis  performed  in  our  laboratory  had 
indicated  potential  regulation  of  SOX9  in  M12  cells 
which  overproduce  mac25  following  transfection  with 
mac25  cDNA  (Plymate  et  al.,  2003).  These  results  were 
confirmed  by  Northern  blot  analysis,  as  shown  in 
Figure  la.  A  low  level  of  expression  of  a  4.5  kb  mRNA 
species,  the  expected  size  of  SOX9  mRNA,  was  apparent 
in  M12  cells  transfected  with  empty  vector  (M12pC). 
This  expression  was  markedly  increased  in  M12/mac25. 
Transfection  of  M12  with  the  2  kb  SOX9  cDNA  resulted 
in  expression  of  the  transgene  in  two  clones  at  an 
approximately  12-fold  higher  level  than  in  M12pC  cells. 
Although  Panda  et  al.,  (2001)  reported  that  over¬ 
expression  of  a  SOX9  transgene  in  CFK2  cells  enhanced 
production  of  the  endogenous  transcript,  we  did  not 
observe  any  similar  effect  in  the  M12  cells.  Western 
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Figure  1  SOX9  mRNA  and  protein  expression  in  M12  clones  transfected  with  SOX9  plasmid  expression  construct.  Individual 
colonies  isolated  from  transfection  plates  in  cloning  rings  were  plated  in  defined  medium  (RPMI/ITS)  containing  5%  FCS;  after 
allowing  the  cells  to  attach  for  24  h,  the  medium  was  replaced  with  serum-free  RPMI/ITS  and  cells  were  grown  to  approximately  80% 
confluence.  RNA  was  extracted  from  cell  monolayers  and  analysed  for  the  production  of  SOX9  mRNA  by  Northern  hybridization  as 
described  in  the  text  (a).  Protein  was  extracted  from  parallel  cultures  and  analysed  by  Western  blotting  with  specific  antibody  for 
SOX9;  100  jWg  of  total  protein  was  loaded  in  each  well  (b).  Expression  of  SOX9  in  normal  prostate  epithelial  cells  was  evaluated  by  RT- 
PCR,  using  specific  primers  for  SOX9  (c).  Controls  (M12pC)  are  M12  transfected  with  nonrecombinant  pCDNA3.  Results  obtained 
with  M12/mac25  cells  are  included  for  comparison 
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immunoblotting  using  a  polyclonal  SOX9  antibody 
demonstrated  increases  in  SOX9  protein  which  parallel 
the  changes  in  mRNA  (Figure  lb). 

In  order  to  ascertain  that  SOX9  expression  is  not 
simply  an  aberrant  feature  of  either  transfected  or  tumor 
cell  lines,  we  performed  reverse  transcription  (RT)-PCR 
analysis  of  SOX9  expression  in  primary  cultures  of 
nonmalignant  prostate  epithelial  cells.  The  data  in 
Figure  Ic  indicate  that  SOX9  mRNA  is  expressed  in 
three  separate  populations  of  these  cells  at  readily 
detectable  levels. 

To  determine  that  the  transfected  SOX9  was  generat¬ 
ing  an  active  nuclear  transcription  factor,  we  performed 
gel  mobility  shift  assays  using  a  double-stranded 
oligomer  corresponding  to  a  portion  of  the  N-cadherin 
promoter  containing  a  SOX9  consensus  binding  site. 
Nuclear  extracts  were  prepared  from  near-confluent 
cultures  of  M12pC  and  M12/SOX9,  incubated  with  ^^P- 
labelled  oligomer,  and  analysed  by  nondenaturing 
electrophoresis  as  described  in  Materials  and  Methods. 
Figure  2a  demonstrates  binding  of  the  labelled  oligomer 
to  nuclear  protein  from  SOX9-transfected  cells;  binding 
at  lower  levels  was  apparent  in  M12pC  control  cells. 
Inclusion  of  unlabelled  N-cadherin  promoter  oligomer 
in  the  reaction  effectively  reduced  formation  of  the 
shifted  band,  indicating  the  specificity  of  binding.  The 
presence  of  a  nonspecific  competitor  DNA  (API 
oligomer)  had  no  effect.  The  Northern  hybridization 
experiment  shown  in  Figure  2b  demonstrates  that  the 
ability  to  bind  the  N-cadherin  promoter  oligonucleotide 
correlates  with  increased  production  of  cadherin 
mRNA. 


Alteration  of  cell  morphology 

A  particularly  striking  characteristic  of  SOX9-trans- 
fected  M12  cells  was  the  development  of  an  elongated, 
spindle-shaped  morphology,  in  contrast  to  the  more 
cuboidal  appearance  of  M12pC  cells  (Figure  3).  As  seen 
in  the  figure,  this  phenomenon  is  also  evident  in  mac25- 
transfected  cells,  suggesting  that  SOX9  upregulation 
plays  a  key  role  in  this  and  other  physiological  effects  of 
mac25.  Morphological  changes  may  result  in  part  from 
increased  transcription  of  adhesion  proteins  such  as 
cadherins,  as  well  as  the  reported  redistribution  of  actin 
filaments  brought  about  by  SOX9  (Panda  et  al.,  2001). 
Such  alterations  of  cellular  architecture  reflect  a  funda¬ 
mental  prodifferentiation  activity  of  SOX9. 

Regulation  of  cellular  proliferation  and  cell  cycle 
distribution 

SOX9  stimulates  cellular  differentiation  in  a  number  of 
cell  types,  including  Sertoli  cells  and  chondrocytes 
(Graves,  1998;  Healy  et  al.,  1999;  Olney  et  al.,  1999; 
Marshall  and  Harley,  2000;  Koopman  et  al.,  2001),  and 
it  would  be  expected  that  this  activity  is  coincident  with 
inhibition  of  cell  proliferation  and  cell  cycle  progression 
(Panda  et  al.,  2001).  Accordingly,  we  performed 
analyses  of  the  increase  in  cell  number  in  M12pC  and 
M12/SOX9  clones  using  the  MTS  assay.  M12/mac25 
cells  were  included  for  comparison.  As  shown  in 
Figure  4a,  the  total  cell  number  was  reduced  by  30 
and  37%  in  the  two  SOX9-expressing  clones,  compared 
with  35%  in  the  M12/mac25  cells.  Similar  results  were 
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Figure  2  Binding  of  nuclear  protein  from  M12  and  M12/SOX9  clones  to  double-stranded  N-cadherin  promoter  oligonucleotide. 
Nuclear  extracts  were  prepared  from  near-confluent  cell  cultures  in  60  mm  dishes,  as  described  in  Materials  and  Methods.  Binding 
assays  were  performed  with  the  ^T-labelled  oligonucleotide  in  the  presence  or  absence  of  nuclear  extracts,  and  also  in  the  presence  of 
flvefold  excess  of  unlabelled  N-cadherin  promoter  oligonucleotide  or  unlabelled  API  oligonucleotide  from  Promega  Corp  (a),  (b) 
Results  of  Northern  hybridization  analysis  using  a  ^T-labelled  oligonucleotide  probe  for  N-cadherin 
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Figure  3  Comparative  cellular  morphology  of  M12pC  and  M12/SOX9  clones:  (a)  M12pC  controls;  (b)  M12/SOX9#l;  (c)  M12/mac25 


Figure  4  Growth  of  M12/SOX9  clones  in  monolayer  culture.  Cells  were  seeded  in  either  48-well  plates  (for  MTT  assay)  or  60  mm 
culture  dishes  (for  cell  counting)  in  RPMI/ITS  with  5%  FCS;  they  were  changed  to  serum-free  conditions  after  24  h.  Fresh  medium  was 
added  daily.  Cell  growth  was  assessed  96  h  after  plating.  Data  represent  results  of  three  separate  experiments.  Mean  +  s.e.m.,  ^  =  4.  (a) 
P<0.01  relative  to  corresponding  controls;  (b)  P<0.05;  (c)  P<  0.005 


obtained  with  direct  counting  of  cells  (Figure  4b). 
Although  M12pC  cells  are  able  to  proliferate  extensively 
in  defined  serum-free  medium,  the  M12/SOX9  cells 
become  inviable  during  extended  serum-free  culture  in 
these  conditions,  apparently  requiring  mitogens  in 
serum  to  counteract  the  effects  of  SOX9.  These  data 
suggest  that  cellular  proliferation  is  inhibited  by  the 
actions  of  SOX9;  however,  as  indicated  below,  SOX9 
also  sensitizes  Ml 2  cells  to  apoptotic  cell  death,  which 
probably  represents  an  additional  contribution  to  the 
decrease  in  cell  number. 

Flow  cytometry  with  propidium  iodide  of  cells  grown 
for  24  h  in  growth  factor-free  medium  re-affirmed 
previous  results  with  M12pC  cells  (Sprenger  et  al., 
2002),  in  which  the  majority  of  cells  were  found  in  the 
G1  phase  (mean  =  71%),  while  M12/mac25  cells  accu¬ 
mulated  in  the  apoptotic  sub-GO/Gl  and  to  a  lesser 
extent  in  Gl;  very  few  were  identified  in  the  G2/ 
M  phase.  Expression  of  SOX9  produced  a  pattern  that 
emulated  that  of  M12/mac25,  with  61%  of  cells  found  in 
GO/Gl,  17%  in  Gl,  and  no  measurable  G2/M  fraction. 
In  parallel  experiments,  cells  were  synchronized  in  G2/ 
M  with  5  /iM  nocodazole  for  20  h  and  then  analysed  by 
flow  cytometry  as  before.  Nocodazole  was  selected  as 
the  synchronizing  agent  because  it  synchronizes  cells  in 
G2/M  and  thus  clearly  demonstrates  delay  of  cells  in 
Gl.  Figure  5  demonstrates  that  synchronized  M12pC 


cells  accumulate  in  the  G2/M  phase,  but  M12/SOX9 
cells  were  found  primarily  in  the  Gl  phase.  Virtually 
identical  results  have  been  previously  reported  for  Ml 2/ 
mac25  (Sprenger  et  al.,  2002).  Thus,  both  mac25  and 
SOX9  overexpression  effect  growth  retardation  and  Gl 
arrest,  probably  creating  an  increased  susceptibility  to 
apoptotic  cell  death,  as  discussed  below. 

Effect  of  SOX9  expression  on  apoptosis  in  M12  cells 

Previous  work  from  this  laboratory  has  demonstrated 
that  in  addition  to  its  inhibition  of  cell  proliferation  and 
cell  cycle  progression,  mac25  also  promotes  apoptotic 
cell  death,  an  expected  accompaniment  to  reduced 
growth  and  enhanced  differentiation.  As  shown  in 
Figure  6,  this  is  also  a  feature  of  SOX9  expression. 
Increased  susceptibility  to  apoptosis,  with  a  consequent 
decrease  in  cell  number  and  viability,  was  indicated  by 
the  demonstration  of  increased  cleavage  of  poly(ADP- 
ribose)  polymerase  (PARP).  PARP  is  a  nuclear  protein 
specifically  cleaved  by  caspase-3  and  -6,  generating  a 
signature  85kDa  product.  Appearance  of  the  85kDa 
band  in  addition  to  the  unmodified  115kDa  band  is 
therefore  a  marker  for  activation  of  caspases  in 
apoptosis  (Rosenthal  et  al.,  1997;  Simbulan-Rosenthal 
et  al.,  1999).  Results  depicted  in  Figure  6  demonstrate 
that  the  intensity  of  the  85  kDa  band,  relative  to  M12pC 
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Figure  5  Flow  cytometry  with  propidium  iodide  of  M12pC  cells  and  M12/SOX9  clone  #1 .  Cells  were  synchronized  by  treatment  with 
5  fiM  nocodazole  for  20  h  and  then  analysed  by  flow  cytometry  as  described  in  the  text.  Phases  of  the  cell  cycle  are  labelled 
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Figure  6  Apoptosis  in  M12  clones.  Tumor  cells  were  grown  to 
near  confluence  and  then  incubated  with  5  fiM  etoposide,  a  DNA 
topoisomerase  inhibitor  and  an  inducer  of  apoptosis,  for  8h. 
Attached  cells  were  scraped  into  1  ml  of  1  x  PBS,  recovered  by 
centrifugation  and  resuspended  in  200  /il  RIP  A  buffer  (PBS 
containing  1%  NP-40,  0.1%  SDS,  and  0.5%  sodium  deoxycho- 
late).  Remaining  procedures  of  sample  preparation  and  Western 
blot  analysis  were  as  described  previously,  except  that  the 
polyacrylamide  gel  percentage  was  7%.  PARP  was  detected  using 
a  speciflc  monoclonal  antibody  from  Oncogene  Research.  Appear¬ 
ance  of  the  signature  85kDa  band,  resulting  from  cleavage  by 
caspase-3  and  -6,  in  addition  to  the  unmodifled  115kDa  band,  is 
used  as  a  marker  for  induction  of  apoptosis 


controls,  is  greatly  increased  in  both  the  M12/mac25 
and  M12/SOX9  cells. 


with  M12/SOX9  was  only  9.6%  of  the  value  observed  in 
control  mice. 

Markers  of  cellular  differentiation 

The  known  functions  of  SOX9  in  cellular  development 
led  us  to  further  examine  expression  of  markers  for 
prostate  differentiation.  Tran  et  al.  (2002)  have  demon¬ 
strated  a  correlation  between  stages  of  prostate  epithe¬ 
lial  cell  development  and  production  of  prostate  stem 
cell  antigen  (PSCA),  AR,  and  prostate-specific  antigen 
(PSA).  The  data  in  Figure  8  demonstrate  that  the 
parental  Ml 2  (control)  cells  belong  to  a  date  inter¬ 
mediate’  stage  of  differentiation,  as  evidenced  by  readily 
detectable  levels  of  PSCA  mRNA  and  the  absence  of 
both  AR  and  PSA.  Increased  expression  of  SOX9 
resulted  in  expression  of  both  PSA  and  AR  indicating 
that,  as  in  other  tissues,  SOX9  is  involved  in  progression 
to  a  more  differentiated  phenotype.  As  might  be 
expected  with  continuous  expression  of  genes  potentially 
deleterious  to  cell  growth,  AR  and  particularly  PSA 
were  most  readily  detected  in  cells  from  early  passage 
following  transfection;  their  expression  is  prone  to 
silencing  with  increasing  number  of  cell  passages.  The 
mechanism  of  silencing  (e.g.  promoter  methylation  or 
mutation)  has  not  been  determined. 


Tumor igenesis  in  athymic  nude  mice 

The  severely  diminished  growth  of  M12/SOX9  cells  and 
increased  occurrence  of  apoptosis  indicate  a  potent 
inhibition  of  the  transformed  phenotype;  this  phenom¬ 
enon  was  further  examined  by  in  vivo  experiments  in 
athymic,  nude  male  mice.  As  shown  in  Figure  7, 
constitutive  expression  of  SOX9  strongly  inhibited  the 
ability  of  M12  cells  to  form  tumors  in  vivo.  When  cells 
from  either  the  M12pC  controls  or  the  M12/SOX9  line 
were  injected  subcutaneously  into  sets  of  10  mice,  all  10 
control  mice  developed  tumors  after  8  weeks,  compared 
to  only  three  of  the  mice  receiving  M12/SOX9. 
Additionally,  the  tumors  in  the  M12/SOX9-treated  mice 
were  significantly  smaller:  tumor  volume  in  mice  injected 


Discussion 

SOX9  expression  is  an  absolute  requisite  for  both  male 
sexual  differentiation  and  cartilage  formation  (Graves, 
1998;  Healy  et  al.,  1999;  Olney  et  al.,  1999;  Marshall  and 
Harley,  2000;  Koopman  et  al.,  2001),  and  it  has  recently 
been  reported  to  be  necessary  for  neural  crest  develop¬ 
ment  in  Xenopus  (Spokony  et  al.,  2002).  It  has  also  been 
detected  in  breast,  skin,  brain,  and  kidney  (Kent  et  al., 
1996;  Lefebvre  et  al.,  1997;  Afonja  et  al.,  2002),  but 
despite  the  implicit  significance  of  SOX9  in  male 
reproductive  physiology,  there  have  been  no  studies  on 
its  expression  or  activity  in  prostate  tissue.  We  have 
found  by  cDNA  array  analysis  that  its  production  is 
stimulated  in  M12  prostate  cancer  cells  by  transfection 
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Figure  7  Rate  of  tumor  volume  increase  in  mice  injected  with  M12pC  or  M12/SOX9  cells.  Nude  athymic  male  mice  were  injected 
subcutaneously  with  either  M12/SOX9  or  M12pcDNA  control  cells  (1  x  10^  cells/mouse)  and  maintained  on  a  laboratory  diet  ad 
libitum  for  8  weeks.  Tumors  were  counted  and  measured  weekly.  *  Significant  difference  from  control  (P<  0.005) 
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Figure  8  RT-PCR  analysis  of  PSCA,  AR,  and  PSA  mRNAs  in 
M12  and  M12/SOX9  cell  lines.  RNA  was  extracted  from  cells  in 
60  mm  dishes  at  approximately  80%  confluence,  and  1  fig  was  used 
in  RT-PCR  reactions  with  rTh  polymerase  and  specific  primers  as 
described  in  Materials  and  methods 


with  a  cDNA  for  mac25.  mac25  has  been  shown  to 
inhibit  prostate  tumor  cell  growth  (Sprenger  et  al, 
1999),  and  it  was  theorized  that  SOX9  may  serve  as  a 
downstream  mediator  of  mac25  tumor  suppression 
activity.  The  data  presented  here  establish  that  elevated 
production  of  SOX9  in  itself  is  sufficient  to  initiate  a 
sequence  of  events  associated  with  tumor  suppression, 
including  reduced  cellular  proliferation,  increased  apop¬ 
tosis,  cell  cycle  arrest,  and  inhibition  of  tumor  growth  in 
vivo.  The  similar  and  distinctive  morphological  changes 
induced  by  both  mac25  and  SOX9  further  suggest  that 


many  of  these  growth  effects  at  least  partially  derive 
from  stimulation  of  SOX9  expression. 

Several  factors  have  been  shown  to  stimulate  SOX9 
synthesis,  including  androgens  in  Sertoli  cells  (Koop- 
man  et  al,  2001),  retinoids  in  TC6  cartilage  and  T-47D 
breast  cancer  cells  (Afonja  et  al.,  2002),  and  fibroblast 
growth  factors  in  differentiating  chondrocytes  (Mura¬ 
kami  et  al,  2000).  SOX9  was  implicated  as  a  critical 
intermediary  in  the  differentiating  activities  of  these 
factors  and,  at  least  in  chondrocytes  and  male  develop¬ 
ment,  it  may  qualify  as  the  master  regulator.  The  effects 
of  mac25,  SOX9,  and  the  AR  in  prostate  are  intriguing 
in  their  similarity,  suggesting  that  mac25  and  SOX9  may 
mimic  prodifferentiation  and  antitumor  activities  of 
gonadal  steroids  in  cells  that  have  either  lost  or  mutated 
the  AR,  most  notably  in  metastatic,  androgen-indepen- 
dent  prostate  cancer.  mac25  itself  can  be  upregulated  by 
retinoids  in  breast  and  prostate  cells  (Swisshelm  et  al., 
1995;  Hwa  et  al.,  1998),  and  may  therefore  function  in  a 
cascade  mechanism  that  leads  to  SOX9  induction  and 
subsequent  differentiation  and  growth  inhibition.  How¬ 
ever,  the  SOX9  promoter  was  also  reported  to  have 
three  potential  RARE  sites,  which  would  enable 
retinoids  to  activate  directly  SOX9  transcription  (Afonja 
et  al.,  2002). 

The  identification  of  genes  regulated  by  SOX9  will  be 
a  critical  focus  of  further  research  on  its  actions  in 
prostate.  The  col2al  and  collla2  genes  are  established 
targets  in  chondrocytes  (Healy  et  al.,  1999),  as  is  anti- 
Mullerian  hormone  (AMH)  in  Sertoli  cells  (Kent  et  al., 
1996;  Marshall  and  Harley,  2000).  Panda  et  al.  (2001) 
reported  increased  N-cadherin  gene  expression  in 
SOX9-transfected  CFK2  cells,  a  phenomenon  of  parti¬ 
cular  interest  in  view  of  the  pronounced  morphology 
changes  observed.  N-cadherin  belongs  to  a  group  of 
calcium-dependent  adhesion  molecules,  which  connect 
cells  with  each  other  and  with  extracellular  matrix 
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(Vleminckx  and  Kemmler,  1999).  They  play  important 
roles  in  development,  and  the  increased  production  of 
cadherins  and/or  other  adhesion  molecules  could 
explain  the  elongated  spindle  shape  assumed  by 
CFK2/SOX9  cells  (Panda  et  al,  2001)  and  the  M12/ 
SOX9  cell  line.  The  data  presented  in  Figure  2  clearly 
demonstrate  upregulation  of  N-cadherin  by  SOX9  in 
Ml 2  cells;  binding  of  SOX9  produced  in  M12  cells  to 
the  N-cadherin  promoter  fragment  indicates  a  direct 
effect  on  RNA  transcription. 

Our  data  demonstrate  that  SOX9  causes  cells  to 
accumulate  at  the  GO/Gl  stage  of  the  cell  cycle,  or  in  G1 
when  cells  are  synchronized.  Similar  results  were 
presented  in  the  studies  discussed  above  with  CFK2 
and  T-47D  cells  (Panda  et  al,  2001;  Afonja  et  al.,  2002), 
and  they  are  also  entirely  analogous  to  those  reported 
previously  for  M12/mac25  cells  (Sprenger  et  al,  2002). 
SOX9  regulates  expression  of  known  mitotic  inhibitors, 
which  could  account  for  stalling  in  Gl.  Most  notable  is 
p21,  which  contains  a  SOX9  consensus  binding  sequence 
in  its  promoter  and  was  transcriptionally  activated  in 
the  study  of  CFK2  cells  (Panda  et  al,  2001).  p21  has 
been  invoked  as  a  potential  mediator  in  control  of 
prostate  tumor  cell  growth  by  vitamin  D,  and  a  vitamin 
D  response  element  has  also  been  identified  in  the  p21 
promoter  (Miller,  1999).  Lu  et  al.  (2000)  have  also 
established  that  androgens  can  induce  p21.  However,  in 
a  previous  study,  p21  was  downregulated  by  mac25, 
whereas  p27  was  increased  (Sprenger  et  al.,  2002).  In 
LNCaP  cells,  p27  was  considered  to  be  the  major 
mediator  of  Gl  arrest,  and  p27  levels  declined  during 
progression  to  an  androgen  refractory  state  (Murillo 
et  al.,  2001).  It  has  also  been  reported  that  Akt  interferes 
with  AR  activity  (Lin  et  al.,  2001)  and  also  down- 
regulates  p27  (Graff  et  al.,  2000)  in  prostate  tumor  cells; 
recent  experiments  in  our  laboratory  indicate  that  Akt 
also  downregulates  SOX9,  providing  a  further  indica¬ 
tion  of  a  causal  link  between  SOX9  and  p27  expression. 
It  will  therefore  be  of  interest  to  examine  cell  cycle  genes 
whose  expression  is  influenced  by  SOX9,  and  also  to 
determine  the  requirement  for  SOX9  in  the  induction  of 
these  genes  through  the  use  of  antisense  or  siRNA  to 
inhibit  SOX9  function. 

The  cDNA  array  studies  with  M12/mac25  cells  also 
demonstrated  upregulation  of  manganese-dependent 
superoxide  dismutase  (MnSOD2),  which  has  been 
extensively  studied  as  an  anticancer  agent  due  to  its 
antioxidant  activity  (Li  et  al.,  1998;  Oberley,  2001). 
MnSOD2  acts  as  a  tumor  suppressor  in  Ml 2  cells 
(Plymate  et  al.,  2003).  The  mechanism  of  action  for 
mac25  is  unknown,  but  it  has  been  shown  to  translocate 
to  the  nucleus  and  may  act  as  a  transcription  factor 
(Wilson  et  al.,  2001).  It  is  not  known  at  present  if  mac25 
directly  stimulates  expression  of  both  SOX9  and 
MnSOD2,  and  it  would  be  equally  plausible  for  SOX9 
as  a  transcription  factor  to  activate  MnSOD2  expres¬ 
sion.  The  putative  function  of  SOD2  in  signal  transduc¬ 
tion  (Rhee  et  al.,  2000)  also  offers  a  potential 
mechanism  for  transcriptional  control  of  additional 
genes  in  M12/mac25  cells.  The  enzymatic  activity  of 
SOD2  generates  H2O2,  which  influences  protein  phos¬ 


phorylation  (e.g.  by  inhibition  of  phosphatase  activity), 
and  in  M12  cells  either  overproduction  of  SOD2  or 
treatment  with  H2O2  causes  MAPK  activation.  In 
primary  chondrocytes,  SOX9  transcription  was  induced 
by  fibroblast  growth  factors  via  activation  of  the  MAPK 
pathway  (Murakami  et  al.,  2000).  In  an  analogous 
situation,  the  AR  is  required  for  SOX9  expression  in 
developing  testis,  and  several  studies  have  associated 
AR  transactivation  and  induction  of  androgen  target 
genes  with  the  MAPK  system  (Reinikaninen  et  al.,  1996; 
Yeh  et  al.,  1999). 

In  summary,  SOX9  acts  as  a  tumor  suppressor  in  M12 
prostate  cancer  cells,  inhibiting  proliferation  by  causing 
cell  cycle  arrest  in  GO/Gl.  As  a  transcription  factor  with 
a  crucial  role  in  normal  development,  it  induces  genes 
involved  in  cellular  differentiation,  resulting  in  the 
formation  of  mature  cells  susceptible  to  senescence  and 
apoptosis.  Growth  arrest  may  partially  derive  from 
stimulated  transcription  of  mitotic  inhibitors  such  as 
p21  or  p27,  while  increased  production  of  structural  and 
adhesion  proteins  such  as  collagens  and  cadherins 
results  in  altered  morphology  and  development  of  cell 
to  cell  and  cell  to  matrix  contacts.  Further  research  will 
undoubtedly  reveal  additional  genes  targeted  by  SOX9. 
SOX9  may  also  mediate  tumor  suppression  by  mac25  in 
concert  with  other  factors  such  as  MnSOD2.  mac25  has 
the  potential  to  upregulate  SOX9  expression  directly, 
but  generation  of  H2O2  by  the  activity  of  MnSOD2 
presents  another  pathway  for  activation,  via  interaction 
with  MAPK.  Our  future  studies  will  focus  on  identifica¬ 
tion  of  the  role  of  SOX9  in  mediation  of  tumor 
suppression  and  identification  of  other  genes  which  it 
recruits  for  growth  inhibition  and  differentiation. 


Materials  and  methods 

Reagents 

Tissue  culture  media  and  additives,  antibiotics,  bacterial 
growth  media,  guanidine  isothiocyanate,  phenol,  and  agarose 
were  purchased  from  GIBCO  (Grand  Island,  NY,  USA). 
Defined  fetal  calf  serum  (FCS)  was  purchased  from  HyClone 
Laboratories  (Logan,  UT,  USA).  Random  primers  labelling 
kits,  horseradish  peroxidase-linked  anti-rabbit  secondary  anti¬ 
body,  and  enhanced  chemiluminescence  reagents  (ECL)  were 
purchased  from  Amersham  Pharmacia  Biotech  (Piscataway, 
NJ,  USA).  Gene  Screen  nylon  blotting  membranes  and  ^^P- 
dCTP  were  obtained  from  NEN-DuPont  (Boston,  MA,  USA). 
Nitrocellulose  and  polyacrylamide  gel  electrophoresis  reagents 
were  purchased  from  BioRad  Laboratories  (Richmond,  CA, 
USA).  The  SOX9  antibody  was  obtained  from  Santa  Cruz 
Biologicals,  and  restriction  enzymes  were  obtained  from 
Promega  Corp.  (Madison,  WI,  USA).  The  human  SOX9 
cDNA,  a  2.1  kb  sequence  encompassing  the  full  protein  coding 
sequence  (Lefebvre  et  al,  1997)  and  cloned  into  pCDNA3 
(InVitrogen),  was  a  gift  of  Dr  David  Goltzman. 

Cell  lines  and  culture 

The  M12  line  was  derived  from  tumors  developed  in  nude  mice 
injected  with  p69SV40T  cells;  these  are  human  prostate 
epithelial  cells  immortalized  with  SV40T  antigen  (Bae  et  al, 
1998).  M12  cells  express  stem  cell  antigen  (PSCA)  and  are 
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cytokeratin  positive  (Bae  et  al,  1998);  they  also  express  PSA 
when  expression  of  the  AR  is  induced  (see  below).  Cells  were 
maintained  at  37°C  in  RPMI  1640  supplemented  with  lOng/ml 
EGF,  0.1  dexamethasone,  5 /ig/ml  insulin,  5  ^g/ml  trans¬ 
ferrin,  5ng/ml  selenium,  and  50/ig/ml  gentamicin  (RPMI/ 
ITS),  in  a  95%  air/5%  CO2  atmosphere.  FCS  (5%)  was 
included  at  plating,  and  the  medium  was  replaced  with  the 
defined  medium  after  24  h.  Cells  used  in  these  experiments 
were  determined  to  be  free  of  mycoplasma  using  the  Gen- 
Probe  Mycoplasma  TC  Rapid  Detection  System  (Gen-Probe, 
San  Diego,  CA,  USA).  Primary  cultures  of  benign  prostate 
epithelial  cells  were  obtained  from  Clonetics  Corp.  (Rahway, 
NJ,  USA)  and  cultured  in  DMEM  containing  5%  FCS. 

Cell  transfection 

Plasmid  DNA  from  a  positive  colony  was  linearized  with  Pvu\ 
and  introduced  into  M12  cells  by  liposome-mediated  transfec¬ 
tion  with  pFx-5  (InVitrogen)  according  to  the  manufacturer’s 
instructions.  Control  cells  were  prepared  by  transfection  with 
pcDNA3  alone;  these  are  designated  as  M12pC.  After  48  h, 
cells  were  passaged  into  selective  medium  containing  400  ^g/ml 
G418  and  cultured  for  10  days.  Individual  colonies  were 
isolated  from  the  plate  by  trypsinization  in  cloning  rings  and 
maintained  in  growth  medium  containing  200/ig/ml  G418. 
SOX9  mRNA  and  protein  expression  were  determined  by 
Northern  and  Western  blotting  as  described  below. 

Western  blotting 

Cell  lysates  were  prepared  by  addition  of  cold  lysis  buffer 
(30mM  HEPES,  150mM  NaCl,  1.5mM  MgCb,  1  mM  EGTA, 
10%  Triton  X-100)  containing  protease  inhibitors  and 
phosphatase  inhibitors  (Phosphatase  Inhibitor  Cocktail  II, 
Sigma)  to  monolayer  cultures.  Total  protein  concentration  was 
determined  with  the  BCA  protein  assay  kit  (Pierce  Biological). 
A  measure  of  lOO^g  of  each  sample  was  boiled  in  100^1  of 
SDS  sample  buffer  (0.05  m  Tris,  pH  6.8,  2%  SDS,  0.025% 
bromphenol  blue).  Samples  were  then  subjected  to  electro¬ 
phoresis  in  12%  SDS-polyacrylamide  gels  and  transferred 
electrophoretically  to  nitrocellulose  as  described  by  Hossen- 
lopp  et  al  (1986).  The  transfer  buffer  contained  15  mM  Tris 
base,  120  mM  glycine,  and  5%  methanol.  Membranes  were 
washed  successively  in  Tris-buffered  saline  (TBS  is  20  mM  Tris- 
HCl,  pH  7.5,  containing  0.15  m  NaCl),  TBS/3%  NP-40,  TBS/ 
1%  BSA,  and  TBS/0. 1%  Tween  20.  They  were  incubated 
overnight  at  4°C  with  appropriate  antibodies  in  TBS/0. 1% 
Tween  20  and  washed  two  times  with  TBS/0. 1%  Tween  20  and 
three  times  with  TBS.  Bands  were  detected  using  horseradish 
peroxidase-linked  anti-rabbit  secondary  antibody  and  en¬ 
hanced  chemiluminescence  reagents  (ECL  system,  Amersham 
Corp.,  Arlington  Heights,  IE,  USA),  according  to  the 
manufacturer’s  protocol. 

RNA  extraction  and  analysis 

RNA  was  extracted  from  cells  by  a  minor  modification  of  the 
procedure  of  Chomczysnki  and  Sacchi  (1987),  as  previously 
described  (Drivdahl  et  al.,  2001).  RNA  was  dissolved  in  100% 
formamide  and  fractionated  by  electrophoresis  in  1.25% 
agarose  gels  containing  0.66  m  formaldehyde  and  20  mM 
MOPS  buffer,  pH  7.2;  0.5  gg  of  ethidium  bromide  was  added 
to  each  sample  to  stain  the  RNA  (Lehrach  et  al.,  1977; 
Fourney  et  al.,  1989).  Following  electrophoresis,  the  RNA  was 
visualized  by  UV  illumination  on  a  Fotodyne  transilluminator. 
Visual  analysis  of  ethidium  bromide  staining  of  the  28S  and 
18S  RNA  bands  was  used  as  a  preliminary  indication  of  the 
integrity  and  uniform  loading  of  RNA.  RNA  was  then 


transferred  to  Gene  Screen  by  capillary  blotting  in  10  x  SSC 
and  crosslinked  to  the  membrane  with  the  Stratalinker 
apparatus  from  Stratagene  Corp.  (La  Jolla,  CA,  USA). 


Total  RNA  was  obtained  as  described  above  and  RT-PCR 
amplification  was  carried  out  using  the  Tth  DNA  polymerase 
(Promega)  according  to  the  manufacture’s  directions  for  RT- 
PCR  reactions.  The  primer  sets  were  designed  using  the 
MacVector  DNA  sequence  analysis  program  and  synthesized 
by  InVitrogen  Corp.  (La  Jolla,  CA,  USA).  Total  RNA  (1  gg) 
was  transcribed  for  20  min  at  70°C  with  lOnM  of  the 
downstream  primer.  Amplification  conditions  consisted  of  an 
initial  denaturing  step  at  95°C  for  4  min,  annealing  at  60°C  for 
1  min,  and  extension/polymerization  at  72°C  for  1.5  min  with  a 
3  s  increment  per  cycle  (35  cycles  were  performed).  In  all, 
0.5  ^M  of  each  primer  was  used  in  the  PCR  reaction.  PCR 
products  were  analysed  by  electrophoresis  in  1.5%  agarose 
gels,  stained  with  ethidium  bromide,  and  visualized  with  a 
FotoDyne  UV  transilluminator.  The  following  primer  pairs 
were  used  for  these  experiments: 


Northern  blots  were  prehybridized  at  43  °C  in  a  Hybaid  roller 
bottle  oven  (Intermountain  Scientific,  Salt  Lake  City,  UT, 
USA);  the  prehybridization  solution  was  50%  formamide,  6  x 
SSC,  5  X  Denhardt’s  solution,  0.1  M  NaP04  (pH  7.2),  10  mM 
sodium  pyrophosphate,  and  50  ^g/ml  sonicated  herring  sperm 
DNA  (Ulrich  et  al,  1984).  ^^P-labelled  probes  were  prepared 
from  cDNA  templates  by  the  random  primers  technique 
(Feinberg  and  Vogelstein,  1983).  The  SOX9  probe  template 
was  a  980  bp  EcoPAIPstl  fragment  of  the  human  cDNA. 
Probes  were  denatured  in  0.3  M  NaOH,  neutralized,  and  added 
directly  to  the  prehybridization  solution.  Hybridization 
proceeded  overnight  at  43 °C.  The  blots  were  washed  at 
moderate  stringency  (1  x  SSC,  0.1%  SDS,  65°C)  and  exposed 
to  a  Kodak  X-OMAT  AR5  film  with  an  intensifying  screen  at 
— 70°C.  Bands  were  quantitated  with  an  image  analyser 
equipped  with  the  MCID  version  4.2  software  (Imaging 
Research,  St  Catherine,  Ontario,  Canada). 


Cell  proliferation  assays 

The  rate  of  cellular  proliferation  in  culture  was  measured  by  a 
colorimetric  MTT  assay,  using  the  Cell  Titer  96  AQ^eous  kit 
from  Promega,  as  previously  described  (Damon  et  al.,  1998). 
M12pC,  M12/mac25,  and  M12/SOX9  cells  were  seeded  in  48- 
well  plates  at  5000/well  and  assayed  after  96  h  of  growth  at 
3°C.  The  tetrazolium  salt  and  dye  solution  for  MTT  assay  were 
added  to  cells  4  h  prior  to  color  determination  and  incubated 
at  37°C.  Quantitation  was  accomplished  by  reading  absor¬ 
bance  at  570  nm. 

To  validate  MTT  results  by  direct  measurement  of  cell 
number,  cells  were  plated  in  60  mm  dishes  (500  000  cells/dish) 
and  grown  for  96  h  as  in  the  MTT  assay.  They  were  removed 
from  plates  by  trypsinization,  resuspended  in  1  x  phosphate- 
buffered  saline  (PBS),  and  counted  in  a  hemocytometer. 
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Reverse  transcription-PCR 


SOX9:  Forward:  AGGTGCTCAAAGGCTACGACT 
Reverse:  AGATGTGCGTCTGCTCCGTG 
AR:  Forward:  CCAGTCCCACTTGTGTCAAAAGC 

Reverse:  TACTTCTGTTTCCCTTCAGCGG 
PSA:  Forward:  GGTGACCAAGTTCATGCTGTG 
Reverse:  GTGTCCTTGATCCACTTCCG 
PSCA:  Forward:  TGACCATGAAGGCTGTGCTGCTT 
Reverse:  TCGGTGTCACAGCACGTGATGT 


cDNA  probes  and  hybridization 
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Growth  of  tumors  in  nude  mice 

Nude  athymic  male  mice  (8-week-old)  were  injected  subcuta¬ 
neously  with  either  M12/SOX9  or  M12pC  cells  (1  x  10^  cells/ 
mouse,  suspended  in  1  x  PBS)  and  maintained  on  a  laboratory 
diet  ad  libitum  for  10  weeks.  Tumors  were  counted  and 
measured  weekly,  and  tumor  volume  was  calculated  by  the 
formula  (/w^)/2,  where  /  and  w  are  the  length  and  width  of  the 
tumor,  respectively.  Statistical  analysis  included  Kruskal- 
Wallis  test  for  rates  of  tumor  formation  and  Mann-Whitney 
U-test  for  tumor  volumes.  After  10  weeks,  tumors  were 
removed  and  digested  with  0.1%  type  I  collagenase  and  50  /ig/ 
ml  DNase  I  by  the  technique  of  Peehl  and  Stamey  (1986). 
Dispersed  cells  were  plated  in  RPMI  growth  medium  with  5% 
FCS  for  24  h,  and  the  medium  was  then  replaced  with  defined 
serum-free  medium.  Protein  and  RNA  lysate  were  prepared 
and  analysed  by  Northern  and  Western  blotting  to  confirm 
retention  of  SOX9  expression. 

Apoptosis  assay 

Apoptosis  was  assessed  by  demonstrating  cleavage  of  PARP 
by  Western  blotting  (Drivdahl  et  ai,  2001).  Cells  were  plated 
in  complete  medium  in  60  mm  dishes.  At  24  h  after  plating, 
cells  were  changed  to  RPMI/ITS.  Both  floating  and  adhered 
cells  were  collected  from  separate  plates  at  48  and  96  h  after  the 
complete  medium  was  removed.  Cell  lysates  were  prepared  as 
described  above  and  fractionated  on  a  7%  SDS-poly acryla¬ 
mide  gel.  Western  immunoblots  were  performed  with  an  anti- 
PARP  (polyadenosylribose  polymerase)  antibody  that  recog¬ 
nizes  the  85kDa  cleaved  fragment  (Promega  Co.,  Madison, 
WI,  USA). 

Flow  cytometry 

Flow  cytometry  was  performed  as  described  by  Sprenger  et  al 
(2002).  Briefly,  cells  were  grown  to  80%  confluence,  trypsi- 
nized,  recovered  by  centrifugation,  and  washed  with  1  x  PBS. 
Cells  (2  X  10^)  were  resuspended  in  cold  70%  ethanol  to  a  final 
density  of  1  x  10^  cells/ml,  then  pelleted  and  resuspended  in 
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1  ml  of  DNA  staining  solution  (PBS,  pH  7.4,  containing  0.1% 
Triton  X-100,  0.1  mM  EDTA  (pH  7.4),  0.05  mg/ml  RNase  A 
(50U/mg),  and  50/ig/ml  propidium  iodide).  Cells  were 
detected  with  a  Becton-Dickinson  FACS  Caliber  at  a 
wavelength  of  488  nm.  Data  were  collected  and  analysed  using 
CellQuest  and  ModFit  software,  respectively. 

Gel  mobility  shift  assay 

Nuclear  extracts  were  prepared  using  the  NE-PER  kit  from 
Pierce  (Rockford,  IL,  USA).  A  measure  of  10  ^g  of  nuclear 
protein  was  then  incubated  at  room  temperature  for  10  min  in 
binding  buffer  (4%  glycerol,  1  mM  MgCl2,  0.5  mM  EDTA, 
0.5  mM  DTT,  50 mM  NaCl,  50 mM  Tris-HCl  (pH  7.5),  and 
50  ^g/ml  poly(dl-dC).  Total  volume  was  9  gX.  A  measure  of  1  g\ 
of  ^^P-labelled  oligonucleotide  (1-2  x  10%pm)  was  then  added 
and  incubation  continued  for  20  min.  Parallel  reactions  were 
performed  with  either  no  extract  or  with  unlabelled  competitor 
oligomers  as  described  in  the  figure  legend.  Complexes  were 
separated  by  electrophoresis  on  a  nondenaturing  4%  poly¬ 
acrylamide  gel.  The  gel  was  then  dried  and  bands  located  by 
autoradiography. 

The  oligonucleotide  sequence  used  for  SOX9  binding 
represents  a  fragment  of  the  human  N-cadherin  promoter, 
as  described  by  Panda  et  al  (2001).  The  double-stranded  target 
was  generated  by  annealing  oligomers  5'ggCCTCATTTA- 
CATTGTTGTAACCAAAAGT  and  5'-ggACTTTTGGTTA- 
CAACAATGTAAATGAGG;  the  boldface  letters  designate 
the  SOX9  consensus  binding  sequence.  DNA  was  end-labelled 
using  T4  polynucleotide  kinase  and  gamma  ^^P-ATP 
(Sambrook  et  al.,  1989),  and  unincorporated  label  was 
removed  on  a  Sephadex  G-25  spin  column.  Total  incorpora¬ 
tion  into  DNA  was  measured  in  a  BIOSCAN/QC-1000  single¬ 
well  counter. 
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BACKGROUND.  Two  features  of  the  progression  from  organ-confined  to  metastatic  prostate 
cancer  are  dysregulation  of  the  androgen  receptor  (AR)  and  a  decrease  in  insulin-like  growth 
factor-type-I  receptor  (IGF-IR)  expression.  The  purpose  of  this  study  was  to  determine  the  effect 
of  changes  in  IGF-IR  expression  on  AR  activity. 

METHODS.  Ml 2  human  prostate  cells  were  stably  transfected  with  an  AR  expression 
construct  to  produce  the  M12-AR  parental  (PAR)  cell  line.  PAR  cells  were  implanted  ortho- 
topically  into  nude  mice  and  M12-AR  primary  (PRI)  cell  lines  were  derived  from  intraprostatic 
tumors  and  metastatic  cell  lines  (MFT)  were  derived  from  PRI  tumors  that  had  metastasized  to 
diaphragm  or  lung. 

RESULTS.  Tumor  formation  in  the  prostate  by  PAR  cells  was  decreased  significantly 
compared  to  M12  controls.  PAR,  PRI,  and  MET  cells  expressed  equivalent  amounts  of  AR 
protein;  however,  IGF-IR  expression  was  increased  significantly  in  PAR  and  PRI  cells.  IGF-IR 
expression  decreased  in  MET  lines  to  the  levels  seen  in  M12  control  cells.  IGF-I  significantly 
enhanced  dihydrotestosterone  (DHT)-stimulated,  but  not  basal,  AR  transcriptional  activity  in 
PRI  cells.  In  MET  cells,  IGF-I  significantly  suppressed  DHT-stimulated  transcriptional  activity. 
In  MET  cells  in  which  the  IGF-IR  was  re-expressed  from  a  retroviral  vector,  the  effects  of  DHT 
and  IGF-I  on  AR  activity  were  similar  to  those  seen  in  PRI  cells. 

CONCLUSIONS.  This  study  demonstrates  that  the  changes  in  IGF-IR  expression  exhibited  by 
this  model  of  metastatic  progression  cause  significant  alterations  in  AR  signaling  and  suggest 
that  this  interaction  may  be  an  important  aspect  of  the  changes  seen  in  AR  function  in  disease 
progression  in  vivo.  Prostate  61:  276-290, 2004.  ©  2004  Wiley-Liss,  Inc. 

KEY  WORDS:  prostate  cancer;  androgen  receptor;  IGF-IR 


Marie  K.  Tennant  and  Stephen  H.  Culp  contributed  equally  to  this 
article. 

Grant  sponsor:  Lematta  Foundation  of  Southwest  Washington  (to 
C.T.R.);  Grant  sponsor:  NIH  (to  J.L.W.  and  S.R.P.);  Grant  number: 
R01DK52683;  Grant  sponsor:  DAMD  (to  C.T.R.);  Grant  number: 
DOD  PCI 0273;  Grant  sponsor:  NIH  (to  S.R.P.  and  P.S.N.);  Grant 
number:  P01-CA85859;  Grant  sponsor:  Veterans  Affairs  Research 
Program  (to  S.R.P.). 


"^Correspondence  to:  Stephen  R.  Ply  mate.  Harbor  view  Medical 
Center,  Box  359755,  325  9th  Ave,  Seattle  WA  98104. 

E-mail:  splymate@washington.edu 

Received  5  December  2003;  Accepted  27  February  2004 

DOI  10.1002/pros.20099 

Published  online  22  April  2004  in  Wiley  InterScience 
( w  w  w.  interscience .  wiley .  com) . 


©  2004  Wiley-Liss,  Inc. 


19 


Restoration  of  Androgen  Receptor  Expression  . . .  277 


INTRODUCTION 

More  than  220,000  cases  of  prostate  cancer  are 
diagnosed  each  year,  and  this  incidence  is  projected 
to  increase  to  380,000  per  year  by  2025  due  to  the  aging 
population.  Prostate  cancer  is  the  second  leading  cause 
of  cancer  deaths  in  men  and  the  seventh  cause  of  all 
cancer  deaths  (^30,000  per  year)  [1].  From  a  treatment 
perspective,  these  data  highlight  a  significant  problem, 
because  one  focus  of  treatment  should  be  on  those  men 
with  prostate  cancer  who  will  eventually  die  from  their 
disease.  Although  prostate-specific  antigen  (PSA) 
levels  and  disease  stage  and  grade  are  useful  param¬ 
eters  for  designing  initial  treatment  strategies,  more 
information  on  the  pathobiological  factors  and  cellular 
markers  that  define  the  group  of  men  with  disease  that 
will  progress  is  urgently  needed  to  tailor  effective 
follow-up  therapy. 

Two  important  features  in  the  progression  of 
prostate  cancer  from  organ-confined,  androgen-sensi¬ 
tive  disease  to  metastatic  disease  are  the  dysregulation 
of  androgen  receptor  (AR)-regulated  target  genes  and  a 
marked  change  in  levels  of  the  type  1  insulin-like 
growth  factor  receptor  (IGF-IR),  a  transmembrane 
tyrosine  kinase  coupled  to  the  ERK  and  PI3'  kinase 
(PI3K)  cascades  [2-5].  Although  these  changes  could 
be  considered  independent  epigenetic  phenomena, 
increasing  evidence  indicates  there  is  a  close  relation¬ 
ship  between  IGF-IR  signaling  and  AR  action.  Lin  et  al. 
[6]  have  shown  that  the  apoptotic  activity  of  the  AR 
seen  after  its  transfection  into  an  AR-negative  prostate 
cancer  cell  line  is  suppressed  by  increased  expression 
of  the  IGF-IR  and  subsequent  stimulation  of  the 
PI3K  pathway.  The  suggested  mechanism  for  this 
IGF-IR-mediated  activity  was  phosphorylation  of  the 
AR  at  serine  residues  210  and  790,  although  not  all 
studies  detected  serine  phosphorylation  [7].  In  con¬ 
trast,  Li  et  al.  [8]  have  shown  that  suppression  of  the 
PI3K  pathway  by  re-expression  of  PTEN  in  LNCaP  cells 
that  lack  a  functional  PTEN  results  in  decreased  AR 
signaling.  In  addition  to  the  PI3K  pathway,  Bakin 
et  al.  [9]  has  shown  that  increased  signaling  through  the 
ERK  pathway  enhances  sensitivity  to  androgen  in 
LNCaP  cells,  while  inhibition  of  the  ERK  pathway 
restores  androgen  responsiveness  in  the  androgen- 
independent  LNCaP  C4-2  subline.  Additionally,  some 
investigators  had  originally  suggested  that  there  was 
direct  activation  of  the  AR  by  IGF-I  [10].  More  recent 
studies,  however,  suggest  that  IGF  signaling  does 
not  directly  activate  the  AR,  but  that  the  IGF-activated 
IGF-IR  influences  AR  transcriptional  activity  [11]. 
The  mechanisms  underlying  these  effects  are  not 
well  defined,  but  may  involve  IGF-induced  expres¬ 
sion  of  AR  co-regulators  or  alteration  of  AR  function 
itself  [12]. 


Since  both  IGF-IR  expression  levels  and  the  activity 
of  the  ERK  and  PI3K  pathways  are  altered  during 
progression  to  metastatic  prostate  cancer,  it  is  likely 
that  some  of  the  apparently  contradictory  interactions 
seen  between  IGF-IR  signaling  components  and  AR 
transcriptional  activity  in  different  studies  are  a  result 
of  differences  in  cellular  context  [13-15].  If,  for 
example,  the  nature  and  extent  of  dysregulation  of 
AR  function  varies  with  the  source  of  the  cell  type,  i.e., 
whether  the  cell  is  derived  from  an  intraprostatic  or 
metastatic  environment,  then  the  differences  in  the 
genes  expressed  in  response  to  IGF-IR- AR  interactions 
may  be  significant  factors  in  metastatic  progression. 
Identification  of  these  alterations  in  gene  expression 
may  provide  potential  new  markers  to  identify  those 
tumors  that  have  the  potential  to  progress.  In  addition, 
these  genes  would  identify  mechanisms  leading  to 
progression  of  disease  and,  thus,  provide  potential 
targets  for  intervention. 

The  purpose  of  this  study  was  to  determine  the  effect 
of  changes  in  IGF-IR  expression  during  tumor  progres¬ 
sion  on  AR  signaling.  We  demonstrate  that,  in  the  Ml 2 
human  prostate  cancer  cell  line  in  which  the  AR  has 
been  re-expressed,  there  are  significant  differences  in 
IGF-IR  expression  depending  on  whether  the  cell  was 
derived  from  an  intraprostatic  tumor  or  a  metastasis.  In 
addition,  activation  of  the  IGF-IR  in  these  different 
tumor  cell  types  resulted  in  marked  qualitative  and 
quantitative  changes  in  dihydrotestosterone  (DHT)- 
stimulated  AR  transactivation.  Furthermore,  re-expres- 
sion  of  the  IGF-IR  in  metastatic  derivatives  of  the 
AR-expressing  Ml 2  cell  line  resulted  in  a  reversion 
of  the  androgen  response  pattern  back  to  that  seen  in 
AR-expressing  M12  cells  prior  to  metastasis. 

MATERIALS  AND  METHODS 
Generation  of  AR-Expressing  StableTransfectants 

The  establishment,  characterization,  and  mainte¬ 
nance  of  the  SV40  large  T  antigen-immortalized  human 
prostate  epithelial  cell  line  P69  and  its  Ml  2  sublines 
have  been  previously  described  [16,17].  In  brief,  non¬ 
neoplastic  prostate  epithelial  cells  were  immortalized 
by  transfection  with  an  SV40-T  antigen  expression 
vector  to  generate  the  P69  cell  line.  Serial  passage  of 
sublines  of  P69  cells  in  athymic  nude  mice  generated 
the  Ml 2  subline,  which  is  consistently  tumorigenic  and 
metastatic  after  orthotopic  injection.  Neither  P69  nor 
M12  cells  express  AR  mRNA. 

Ml 2  cells  were  transfected  with  a  pcDNA  3.1  ex¬ 
pression  vector  (Invitrogen,  Carlsbad,  CA)  containing 
a  cDNA  encoding  the  full-length,  wild-type  AR  [18]. 
M12  cells  transfected  with  the  insertless  pcDNA  3.1 
expression  vector  served  as  negative  controls  (Ml 2 
controls).  Cells  were  transfected  using  lipofectamine 
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plus  (Life  Technologies,  Rockville,  MD)  according  to 
the  manufacturer's  instructions.  G418-resistant  colo¬ 
nies  were  selected  in  800  gg/ml  G418  (Gibco  BRL, 
Grand  Island,  NY),  and  the  clone  expressing  the  most 
intense  AR  band  by  Western  immunoblot  was  desig¬ 
nated  as  the  M12-AR  parental  clone  (PAR).  Cells  were 
then  cultured  with  a  200  pg/ml  maintenance  dose  of 
G418. 

Establishment  of  PAR  Sublines 

Sixteen  athymic  nude  mice  were  injected  orthotopi- 
cally  with  PAR  cells  using  the  technique  originally 
described  by  Stephenson  et  al.  [19].  Cells  (2  x  10^)  were 
injected  into  the  dorsal  prostate  (Harlan  Sprague - 
Dawley,  Madison,  WI).  Of  the  10  mice  that  developed  a 
macroscopic  primary  tumor,  4  mice  also  developed 
metastases  to  the  diaphragm.  The  primary  tumors  and 
the  metastases  were  recovered,  the  cells  isolated  by 
collagenase  digestion,  and  G418-resistant  cell  lines 
were  re-established.  The  primary  tumor  sublines  were 
designated  M12-AR  primary  (PRI),  and  the  metastatic 
sublines  were  designated  M12-AR  metastatic  (MET). 
Three  mice  were  injected  orthotopically  with  2  x 
10^  cells  each  from  one  of  the  MET  lines  and  each  of 
these  animals  developed  metastases  to  the  diaphragm. 
One  metastasis  from  each  of  the  three  animals  was 
digested,  cell  lines  established,  and  used  in  this  study  as 
MET  lines.  All  protocols  involving  athymic  nude  mice 
were  approved  by  the  VCU  Institutional  Animal  Care 
and  Use  Committee  (lACUC). 

Construction  of  AR/IGF-IR-Expressing  Cell  Lines 

These  lines  were  constructed  by  infecting  either  the 
PRI  or  MET  sublines  with  the  LXSN  retroviral  vector 
containing  an  IGE-IR  cDNA  (LISN)  as  previously 
described  [20].  Clones  were  then  picked  from  each 
infected  cell  line  that  over-expressed  the  IGE-IR. 
Control  cells  were  infected  with  the  LXSN  vector  alone. 
Clones  were  selected  for  dual  expression  of  AR  and 
IGE-IR  by  Western  immunoblotting  for  IGE-IR  and  AR 
expression.  Because  of  the  high  level  of  infection  with 
the  retroviral  vector,  the  majority  of  clones  over¬ 
expressed  IGE-IR.  Three  IGE-IR-expressing  clones  from 
both  the  PRI  and  MET  cell  lines  were  selected  for  this 
study. 

Isolation  of  Nuclear  Protein 

Cells  were  collected  using  a  1%  trypsin/EDTA 
solution  and  washed  once  with  ice-cold  PBS.  The  cells 
were  resuspended  in  a  solution  of  10  mM  HEPES- 
KOH,  1.5  mM  MgCl2 10  mM  KCl,  0.5  mM  dithiothreitol 
at  pH  7.9.  The  suspended  cells  were  allowed  to  swell  on 
ice  for  10  min.  Cells  were  then  vortexed  and  pulse  spun. 


The  supernatant  was  discarded  and  the  pellet  resus¬ 
pended  in  ice  cold  buffer  of  20  mM  HEPES-KOH,  25% 
(v/v)  glycerol,  420  mM  NaCl,  1.5  mM  MgCl2,  0.2  mM 
EDTA,  0.5  mM  dithiothreitol  at  pH  7.9.  The  mixture 
was  incubated  on  ice  for  20  min  then  centrifuged  for 
2  min  at  2,000g  at  4°C.  The  supernatant  was  removed 
and  kept  at  -70°C  until  used  for  Western  blots.  All 
extracts  contained  protease  inhibitors  (Complete  Pro¬ 
tease  Inhibitor  Tablet,  Roche,  Indianapolis,  IN). 

Western  Immunoblotting 

Cell  lysates  were  collected  by  addition  of  cold  lysis 
buffer  (30  mM  HEPES,  150  mM  NaCl,  1.5  mM  MgCl2, 
1  mM  EGTA,  10%  Triton  X-100)  containing  protease 
and  phosphatase  inhibitors  (Phosphatase  Inhibitor 
Cocktail  II,  Sigma,  St.  Louis,  MO)  to  monolayer  cul¬ 
tures.  Total  protein  concentration  was  determined  with 
the  BCA  protein  assay  kit  (Pierce  Biological).  Pifty 
micrograms  of  cell  lysates  were  separated  on  poly¬ 
acrylamide  gels  and  then  transferred  to  nitrocellulose 
membranes  (BioRad,  Hercules,  CA).  Antibodies  recog¬ 
nizing  the  AR,  IGE-IR,  phosphorylated  Akt,  and  total 
ERK  were  purchased  from  Santa  Cruz  Biotechnology, 
Inc.  (Santa  Cruz,  CA),  antibody  recognizing  phospho¬ 
rylated  ERK  from  Cell  Signaling  Technologies  (Beverly, 
MA),  and  Akt  from  Biosource,  Inc.  (Camarillo,  CA).  To 
control  for  loading  of  protein  in  the  AR  and  IGE-IR 
Westerns,  immunoblots  were  stripped  and  re-probed 
with  a  (3-actin  monoclonal  antibody  (Sigma).  Protein 
was  detected  using  the  ECL  Plus  kit  from  Amersham 
(Buckinghamshire,  England).  An  LKB  2222-020  Ultra¬ 
scan  XL  laser  densitometer  (Pharmacia  LKB,  Uppsala, 
Sweden)  was  used  to  quantify  the  signal. 

ReverseTranscription-PCR  and  DNA  Sequencing 

Total  RNA  from  PRI  and  MET  cells  was  extracted 
using  RNAeasy  Mini  Kits  (Qiagen,  Inc.,  Chatsworth, 
CA)  according  to  the  manufacturer's  suggestions.  RT- 
PCR  amplification  of  exons  1-8  of  the  transgene- 
derived  AR  mRNA  was  done  with  primers  designed 
to  cross  intron/  exon  junctions  to  rule  out  amplification 
of  genomic  DNA.  Primer  sets  also  produced  PCR  pro¬ 
ducts  with  overlapping  sequences  in  order  to  provide 
reliable  sequence  in  all  regions.  Primers  were  obtained 
from  Invitrogen.  Tth  DNA  polymerase  (Pr omega)  was 
used  according  to  the  manufacturer's  directions  for  RT- 
PCR  reactions.  Total  RNA  (1  pg)  was  transcribed  for 
20  min  at  70°C  with  10  nM  of  the  reverse  primer. 
Amplification  conditions  consisted  of  an  initial  dena¬ 
turing  step  at  95°C  for  4  min,  annealing  at  60°C  for 
1  min,  and  extension /polymerization  at  72°C  for 
1.5  min  with  a  3-sec  increment  per  cycle  for  a  total  of 
35  cycles.  Each  primer  of  0.5  pM  was  used  in  the  PCR 
reactions.  DNA  sequencing  of  the  PCR  product  was 
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performed  by  Elim  Biopharmaceuticals,  Inc.  (Hayward, 
CA),  using  the  Big  Dye  Terminator  Ready  Reaction  Kit 
(Applied  Biosystems,  Perkin-Elmer  Corp.,  Torrance, 
CA). 

Proliferation  of  PRI  and  MET  Cells  in 
Response  to  DHT 

The  growth  rate  of  PRI  and  MET  cells  in  the  presence 
or  absence  of  10“^°  M  DHT  was  determined  by  count¬ 
ing  the  number  of  cells  as  a  function  of  time.  Three 
parallel  wells  for  each  time  point  and  treatment  were 
plated.  Cells  were  trypsinized  and  counted  with  a 
hemocytometer  48,  72,  and  96  hr  after  plating.  Serum- 
free  media  with  or  without  DHT  was  changed  daily. 

MTT  Assays 

Proliferation  of  the  various  M12-AR  cell  lines  in  the 
presence  of  DHT  was  also  measured  using  the  CellTiter 
96  AQueous  One  Solution  Reagent  (Promega).  Cells 
were  seeded  in  12- well  plates  at  5  x  lO'^  cells /well  in 
medium  with  5%  charcoal-stripped  serum  (CSS) 
(HyClone).  The  day  after  plating,  cells  were  treated  in 
serum-free  medium  in  triplicate  under  the  following 
conditions:  (A)  serum-free  medium;  (B)  10“^°  M  DHT 
(Sigma);  (C)  0.5  nM  rh-IGP-I  (IGP)  (R  &  D  Systems); 
(D)  15  particles/ cell  AKT  adenovirus  (a  generous  gift 
provided  by  Ken  Walsh,  Boston,  MA);  (E)  25  pM 
LY294002  (Sigma);  and  (E)  20  pM  PD98059  (New 
England  Biolabs).  Efficiency  of  adenovirus  infection 
was  determined  and  adjusted  for  by  infection  of  paral¬ 
lel  plates  with  adenovirus  expressing  (3-galactosidase. 
Eollowing  48  hr  of  treatment,  150  pi  of  CellTiter  96 
Reagent  was  added  to  each  well,  and  30  min  later,  the 
plates  were  read  on  a  Wallac  Victor^  1420  fluorescent 
plate  reader  at  an  excitation  wave  length  of  490  nm. 

Promoter  Activity  Assays 

Reporter  assays  were  performed  as  previously  de¬ 
scribed  [22].  Transient  transfections  of  PRI  and  MET 
cells  with  the  triple  AR  probasin-luciferase  promoter 
(AAR3)  (a  generous  gift  from  Dr.  Robert  Matusik)  were 
performed  using  lipofectamine  plus  (Life  Technolo¬ 
gies)  according  to  the  manufacturer's  protocol.  The 
AAR3  construct  is  an  artificial  reporter  containing  three 
repeats  of  the  rat  probasin  AREl  and  ARE2  regions 
upstream  of  the  thymidine  kinase  promoter  [21]. 
Briefly,  7.5  x  10"^  cells  were  seeded  in  12-well  plates  in 
RPMI  medium  containing  5%  EBS.  The  following  day, 
each  well  received  1.2  pg  of  vector  DNA,  6  pi  plus 
reagent,  and  3  pi  of  lipofectin  reagent  in  serum-free 
medium.  After  a  3-hr  exposure  to  the  lipofectamine/ 
DNA/ plus  mixture,  the  medium  was  supplemented 
with  5%  ECS  and  incubation  was  continued  for  18  hr. 


Eor  DHT  dose-response  studies,  transfection  med¬ 
ium  was  removed  and  the  cells  were  treated  in  tripli¬ 
cate  for  24  hr  with  DHT  (10“^,  10“^°,  10“^^  M)  in  serum- 
free  medium.  The  effect  of  IGE-I  on  DHT-stimulated 
luciferase  activity  was  determined  by  treating  cells 
with  0.5  nM  IGE  for  1  hr  prior  to  addition  of  10“^°  M 
DHT  for  24  hr.  To  determine  DHT-induced  luciferase 
activity  in  response  to  PI3K  activators  or  inhibitors  and 
MEK  inhibitors,  transfection  medium  was  removed 
and  the  cells  were  treated  in  triplicate  with  serum-free 
medium  as  follows:  (A)  serum-free  medium;  (B) 
10^^°  M  DHT;  (C)  25  |aM  LY294002;  (D)  25  i^M 
LY294002  +  DHT  (10“'°  M);  (E)  15  particles /cell  AKT; 
(F)  15  particles/cell  AKT  +  DHT  (10“'°  M);  (G)  20  pM 
PD98059;  and  (H)  20  pM  PD98059  +  DHT  (10“'°  M); 
(I)  15  particles /cell  (dn)AKT;  (J)  15  particles /cell 
(dn)AKT  +  DHT  (10“^°  M).  Efficiency  of  adenoviral  in¬ 
fections,  as  well  as  negative  adenoviral  control  effects, 
was  determined  by  using  an  adenoviral-lacZ  vector, 
which  exhibit  >90%  infection  efficiency.  Replication- 
deficient  adenoviral  AKT  (AKT)  and  (dn)  adenoviral 
AKT  ((dn)AKT)  vectors  were  a  generous  gift  from 
Dr.  K.  Walsh.  The  replication-deficient  adenoviral  LacZ 
control  was  constructed  using  the  Invitrogen  adeno¬ 
viral  kit  (Invitrogen).  Cells  were  initially  treated  with 
LY294002  or  PD98059  for  2  hr  prior  to  addition  of  DHT 
for  an  additional  24  hr.  Cells  were  infected  with  adeno¬ 
viral  AKT  or  dominant-negative  (dn)AKT  constructs 
24  hr  prior  to  the  addition  of  DHT.  In  preliminary 
studies,  we  have  shown  that  the  24-hr  time  period 
allows  for  significant  expression  of  either  AKT  or 
(dn)AKT  protein  (data  not  shown).  The  percent  in¬ 
crease  in  DHT-induced  luciferase  activity  was  com¬ 
pared  to  its  respective  control;  e.g.,  AKT  +  DHT  versus 
AKT  alone.  To  determine  whether  IGP-I  was  able  to 
affect  AR-induced  luciferase  activity,  LY294002  or 
PD98059  was  added  2  hr  prior  to  the  addition  of 
DHT,  and  IGP-I  (0.5  nm)  was  added  1  hr  prior  to  addi¬ 
tion  of  DHT  treatment  for  24  hr.  Again,  the  percent 
increase  in  luciferase  activity  was  compared  to  its  re 
spective  control;  e.g.,  AKT  +  IGP-I  +  DHT  /  AKT  +  IGP- 
I  alone. 

Luciferase  activity  was  determined  using  the  Luci¬ 
ferase  Assay  System  (Promega)  according  to  the  manu¬ 
facturer's  protocol.  Each  sample  lysate  (200  pi /well) 
was  combined  with  the  luciferase  substrate  by  injection 
and  analyzed  on  a  System  Luminometer  400  (Nichols 
Institute  Diagnostics,  San  Clemente,  CA).  Transfection 
efficiency  was  determined  by  transfection  of  triplicate 
wells  with  a  pGL-3  control  vector,  in  which  luciferase 
expression  is  driven  by  the  SV40  promoter  (SV40-Luc). 
The  AAR3  or  SV40-Luc  constructs  were  transfected 
24  hr  prior  to  the  start  of  any  treatment  to  assure  similar 
transfection  efficiency,  regardless  of  treatment.  In  addi¬ 
tion,  as  previously  described,  transfection  efficiency 
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determined  by  the  SV40-Luc  constructs  were  con¬ 
firmed  by  (3-galactosidase  as  previously  described  [22]. 
PRI  cells  exhibited  a  2.2-fold  greater  transfection 
efficiency  than  the  MET  cells,  and  this  was  corrected 
for  in  the  analysis  of  the  lucif erase  results.  Separate 
triplicate  wells  were  transfected  with  a  pGL-3  basic 
luciferase  reporter  vector,  which  served  as  a  non¬ 
specific  control.  All  samples  were  done  in  triplicate  and 
repeated  at  least  three  times. 

Microarray  Fabrication 

Arrays  containing  a  non-redundant  set  of  6,000 
prostate-derived  cDNA  clones  from  the  Prostate 
Expression  DataBase  (PEDB),  a  public  sequence  repo¬ 
sitory  of  expressed  sequence  tag  (EST)  data  derived 
from  human  prostate  cDNA  libraries  [23],  were  pre¬ 
pared  as  previously  described  by  Lin  et  al.  [24]. 

Probe  Construction  and  Hybridization 

Total  RNA  was  isolated  from  each  of  the  cell 
treatments  using  TRIzol  (Life  Technologies,  Gaithers¬ 
burg,  MD)  according  to  the  manufacturer's  directions. 
Eluorescently-labeled  probes  were  made  from  30  pg 
total  RNA  in  a  reaction  volume  of  20  pi  containing  1  pi 
anchored  oligo-dT  primer  (Amersham),  0.05  mM  Cy3- 
dCTP  (Amersham),  0.05  mM  dCTP,  0.1  mM  each  of 
dGTP,  dATP,  dTTP,  and  200  U  Superscript  II  reverse 
transcriptase  (Life  Technologies).  Hybridization  of  array 
slides  was  performed  as  previously  described  [24]. 

Image  Acquisition  and  Data  Analyses 

Eluorescence  intensities  of  the  immobilized  targets 
were  measured  using  a  laser  confocal  microscope 
(Molecular  Dynamics).  Quantitative  data  were  ob¬ 
tained  with  the  SpotEinder  V  2.4  program  written  at 
the  University  of  Washington.  Local  background 
hybridization  signals  were  subtracted  prior  to  compar¬ 
ing  spot  intensities  and  determining  expression  ratios. 
Each  cDNA  was  represented  twice  on  each  slide,  and 
the  experiments  were  performed  in  duplicate,  produ¬ 
cing  4  data  points  per  cDNA  clone  per  hybridization 
probe.  Intensity  ratios  for  each  cDNA  clone  hybridized 
with  probes  derived  from  the  respective  treatments 
were  calculated.  Gene-expression  levels  were  consid¬ 
ered  significantly  different  between  the  two  conditions 
if  all  four  replicate  spots  for  a  given  cDNA  demon¬ 
strated  a  ratio  >2  or  <0.5,  and  the  signal  intensity  was 
greater  than  2  standard  deviations  above  the  image 
background.  In  order  for  a  gene  to  be  considered  as 
regulated  by  AKT,  the  changes  in  expression  were 
required  to  occur  in  both  LY294002  and  (dn)AKT- 
treated  cells.  Confirmation  of  differences  in  expression 
of  selected  genes  was  accomplished  by  either  real-time 


RT-PCR  using  a  Roche  Light-Cycler™  or  Northern 
blot. 

Statistics 

All  the  above  experiments  were  repeated  at  least 
three  times,  and  figures  are  representative  of  the 
results.  All  studies  were  performed  on  two  PRI  and 
three  MET  cell  lines.  Results  are  means  of  each  group. 
Each  experiment  was  performed  on  similar  passages  of 
PRI  or  MET  cells.  Results  were  considered  significant  if 
the  probability  value  was  less  than  0.05.  Eor  the  in  vivo 
tumorigenicity  assays,  Eisher's  exact  test  was  used  to 
assess  any  significance  in  tumor  formation.  Repeated- 
measures  ANOVAs  were  performed  to  determine 
significance  between  cell  proliferation  counts,  MTT, 
and  promoter  assays,  followed  by  Eisher's  PLSD  post- 
hoc  test.  Unpaired  t-tests  were  used  to  examine 
differences  measured  by  Western  immunoblots. 

RESULTS 

Tumorigenicity  of  AR-Expressing  Cells 
and  Establishment  of  Sublines 

Confirmation  of  stable  expression  of  the  AR  in  Ml  2 
cells  and  the  primary  (PRI)  and  metastatic  (MET) 
sublines  is  presented  in  Eigure  1  A.  Note  that  there  is  an 
increase  in  AR  in  the  nuclear  extracts  in  each  of  the 
constructs  following  addition  of  DHT.  As  shown  in 
Eigure  IB,  the  MET  subline  also  has  a  functional  AR 
similar  to  its  parental  MET  line  shown  in  Eigure  1  A.  In 
Eigure  1C,  we  demonstrate  that  there  is  no  detectable 
AR  mRNA  in  the  Ml 2  line,  but  clear  expression  of  AR 
mRNA  in  the  M12-AR  PRI  and  MET  sublines. 
Quantitative  RT-PCR  demonstrated  that  there  was 
equivalent  AR  mRNA  expression  in  the  PRI  and  MET 
lines  (data  not  shown). 

To  assess  the  effect  of  AR  expression  on  the 
tumorigenicity  of  Ml  2  cells,  2  x  10^  cells  of  the  PAR 
clone  were  injected  into  the  dorsal  prostate  of  male 
athymic  nude  mice.  As  shown  in  Table  I,  16  of  the 
26  mice  injected  with  the  PAR  cells  developed  macro¬ 
scopic  primary  tumors  within  3  months.  In  contrast, 
25  out  of  25  mice  injected  with  Ml 2  control  cells  devel¬ 
oped  macroscopic  primary  tumors  within  6-8  weeks  of 
injection.  PAR-injected  mice  also  developed  signifi¬ 
cantly  fewer  tumors  than  mice  injected  with  Ml  2  and 
Ml 2  empty  vector  control  cells  (P  <  0.05).  In  addition  to 
primary  tumors,  four  PRI  mice  also  demonstrated 
visible  metastases  to  the  diaphragm  and  microscopic 
metastases  to  the  lungs.  The  diaphragm  metastases 
were  removed,  and  the  cells  were  re-injected  orthoto- 
pically  into  athymic  nude  mice.  Of  the  four  metastatic 
tumors  injected  orthotopically  into  mice,  all  four  devel¬ 
oped  large  tumors  (>l-cm  diameter)  in  the  same  time 
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prostatic  to  metastatic  phenotype.  All  subsequent 
assays  were  performed  on  cells  from  the  initial 
metastatic  cell  line  (MET  cells)  and  two  additional 
metastatic  sublines. 

Sequencing  of  the  AR  mRNA  and  Expression  of 
Signaling  Molecules 

Sequence  analysis  of  the  AR  mRNA  in  the  MET  cells 
revealed  no  AR  mutations  (data  not  shown).  PRI  and 
MET  cells  expressed  immunodetectable  levels  of  AR 
(Eig.  1)  and  IGE-IR  protein  (Eig.  2A).  AR  expression  was 
readily  detected  at  similar  levels  in  PRI  and  MET  cells 
by  quantitative  RT-PCR  and  Western  immunoblotting, 
Eigure  1,  as  previously  described  [25].  No  changes  in 
PTEN  expression  by  Western  immunoblot  were  noted 
between  the  cell  types  (data  not  shown).  As  shown  in 
Eigure  2,  IGE-IR  levels  assessed  by  Western  immuno¬ 
blotting  were  increased  by  stable  expression  of  the  AR. 
IGE-IR  levels  were  increased  even  further  in  the  PRI  cell 
line,  while  in  the  MET  line,  IGE-IR  expression  was 
decreased  to  64%  of  the  Ml 2  control  level. 


Fig.  I.  A  :  Western  immunoblot  of  androgen  receptor  (AR)  in 
nuclear  extracts  from  MI2-AR  primary  (PRI)  and  metastatic  (MET) 
cells  treated  for  24  hr  with  increasing  concentrations  of  dihydrotes¬ 
tosterone  (DHT).  Note  the  similar  expression  levels  and  increased 
nuclear  accumulation  of  AR  in  response  to  DHT  treatment  in  both 
cell  lines.  B:  Western  immunoblot  of  AR  in  MET  subline  Bl  cells 
treated  with  I0“®  M  DHT.  P-Actin  was  used  as  a  loading  control. 
C:  RT-PCRofAR  mRNA  from  M 12  control  (AR-negative),  PRL,  and 
MET  cells.  Note  the  lackof  AR  mRNA  in  the  MI2  control  cells. 

frame  as  the  Ml  2  control  cells,  and  these  cells  were 
again  collagenase-digested  and  cell  lines  re-estab¬ 
lished.  The  animals  were  followed  for  another  2  months 
and  metastatic  tumors  again  appeared  in  the  lungs  and 
diaphragm,  confirming  the  transition  from  a  primary 


Proliferation  and  Viability  of  AR-Expressing  MI2  Cells 

As  shown  in  Eigure  3A,  MET  cells  exhibited  a  faster 
population  doubling  time  than  the  PRI  cells.  This 
increase  in  growth  rate  was  apparent  by  96  hr,  as  the 
MET  cells  had  tripled  their  cell  number  in  24  hr  as 
opposed  to  the  approximate  doubling  of  cell  number 
observed  continuously  in  the  PRI  cells  and  earlier  in  the 
MET  cells.  Addition  of  10“^°  M  DHT  caused  slower  cell 
growth  in  the  PRI  cells.  This  decrease  was  significant  at 
72  and  96  hr  (P  <  0.03).  There  was  no  significant 
difference  in  growth  rate  in  the  MET  cells  in  the 
presence  of  10“^°  M  DHT.  MTT  assays  were  also 
performed  to  verify  the  cell  proliferation  counts,  as  well 
as  to  examine  cell  viability  under  various  conditions. 


TABLE  1.  Cell  Lines,  Androgen  Receptor  (AR)  Status,  and  Number  of  MiceThat 
Developed  Tumors  Within  12  Weeks  After  Orthotopic  (Intraprostatic- Dorsal  Lobe) 
Injection  of  2  x  10^  Cells  Into  Athymic  Nude  Mice 

Cell  line 

AR  status 

Mice  with  tumor/ 
total  mice  injected 

Time  to  detectable 
tumor  (weeks) 

M12  control-intact 

Negative 

25/25 

6-8 

M12  parental-intact 

Positive 

16/26 

12 

M12  control-castrate 

Negative 

10/10 

6-8 

M12  parental-castrate 

Positive 

3/10 

12 

M12-MET 

Positive 

4/4 

6-8^ 

M12  MET  sublines 

Positive 

12/12 

6-8^ 

Time  to  detectable  tumor  indicates  time  at  which  palpation  of  the  abdomen  suggested  tumor 
growth  that  was  confirmed  with  pathology. 

^Indicates  that  the  animal  could  not  be  allowed  to  proceed  to  the  12- week  time  point  because  of 
tumor  volume. 


24 


282  Plymate  et  al. 


D 


phospho-Akt 


Akt 


E  I 


Cell  Line 


Fig.  2.  A  :WesternimmunoblotoflGF-IRp  subunit  in  M 12  control,  MI2-AR  parental  (PAR),  primary  (PRI),  and  metastatic  (MET)  cell  extracts. 
Note  the  marked  increase  in  IGF-IR  in  the  PAR  and  PRI  cell  lines  and  the  marked  decrease  in  the  MET  cell  line.  P-Actin  was  used  as  a  loading 
control.  B:  Relative  differences  in  IGF-IR  expression  between  cell  lines  based  upon  the  combined  results  of  three  Western  blots  corrected  for 
loading  with  actin  controls.  *P  <  0.01  compared  to  MI2  control  cells.C:  Western  immunoblot  of  IGF-IR  P  subunit  and  AR  from  clones  from  three 
PRI  and  METtumors.  Note  the  consistent  decrease  in  IGF-IR  in  the  three  MET  clones  compared  to  the  three  PRI  clones.  D:  Western  immunoblot 
of  phosphorylated  Akt  (phospho-Akt)  and  total  Akt  from  PRI  and  MET  clones  with  and  without  addition  of  IGF-I,  50  ng/ml,  20  min  prior  to 
collection  of  lysates.  E:  Densitometric  quantitation  of  Figure  4D.  Note  the  increase  in  phospho-Akt  in  response  to  IGF-I;  this  increase  was  sig¬ 
nificantly  greater  in  the  PRI  cells  compared  to  MET  cells,  **P  <  0.01  and  basal  phospho-Akt  increase  in  MET  compared  to  PRI  cells  *P  <  0.05.  Akt 
quantitation  is  the  mean  of  three  separate  experiments. 


PRI  cells  had  a  significant  decrease  (P  <  0.0002)  in  cell 
viability  with  10~^°  M  DHT,  while  DHT  had  no  affect 
on  MET  cell  viability,  in  accordance  with  the  prolifera¬ 
tion  experiment  (Fig.  3B).  Also  in  agreement  with  cell 
counts,  MET  cells  had  increased  cell  viability  compared 
to  the  PRI  cells  (P  <  0.001),  suggesting  that  they  had  a 
higher  growth  rate.  MTT  assays  were  also  done  in  the 
presence  of  0.5  nM  IGF-I,  15  particles /cell  AKT 
adenovirus,  25  pM  LY294002,  and  20  pM  PD98059.  In 
the  PRI  cells,  IGF-I  significantly  increased  cell  viability 
(P  <  0.0001)  compared  to  no  treatment,  while  LY294002 
and  PD98059  significantly  decreased  cell  viability 
(P  <  0.0002).  In  the  MET  cells,  only  LY294002  had  an 
effect  on  cell  viability  as  measured  by  MTT  assay. 

We  also  assessed  whether  the  effects  of  PD98059  and 
LY294002  in  the  MTT  assay  were  due  to  changes  in 
proliferation  or  apoptosis.  In  the  PRI  cells,  PD98059 
caused  a  decrease  in  proliferation  and  an  increase  in 
apoptosis  as  determined  by  propidium  iodide  staining 


and  flow  cytometry  and  PARP  and  caspase  3  cleavage; 
in  contrast,  in  the  MET  cells,  there  was  no  effect  of 
PD98059  on  apoptosis  and  minimal  effects  on  prolif¬ 
eration  at  the  concentration  used.  Flow  cytometry, 
PARP,  and  caspase  3  assays  were  performed  as  pre¬ 
viously  described  [26-28].  The  effect  of  LY294002  on 
the  MTT  in  both  PRI  and  MET  cells  was  due  to 
apoptosis.  In  the  MET  cells,  LY294002  significantly  de¬ 
creased  cell  viability  compared  to  no  treatment 
(P  <  0.0002). 

Effect  of  DHTand  IGF-I  on  AR  Activity  in 
AR-Expressing  PRI  and  MET  Cells 

To  assess  the  transcriptional  regulatory  activity  of 
the  expressed  AR  protein,  PRI  and  MET  cells  were 
transiently  transfected  with  an  AAR3-probasin  lucifer- 
ase  reporter  and  treated  for  24  hr  with  varying  doses 
of  DHT.  In  both  PAR  and  MET  cells,  there  was  a 
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Fig.  3.  A  :  PRI  and  MET  cell  population  counts  at  48, 72,  and  96  hr  in  the  presence  or  absence  of  10  M  DHT  In  the  PRI  cells,  DHT reduced  cell 
number  at  72  and  96  hr  compared  to  PRI  cells  without  DHT  (*P  <  0.05;  SEM  bars  are  within  the  point  markers).  DHT  had  no  effect  on  MET  cells, 
which  exhibited  an  increased  growth  rate  compared  to  PRI  cells.This  was  noted  at  96  hr,  when  the  MET  cells  began  tripling  their  growth  rate  as 
opposed  to  the  approximate  doubling  observed  continuously  in  the  PRI  cells  and  previously  in  the  MET  cells.  B:  MTTassay  indicating  cell  viability 
after  72  hr  after  treatment  of  PRI  or  MET  cells  with  DHT  (I0“®  M),  IGF-I  (20  ng/ml),  15  particles/cell  AKTadenovirus,  25  pM  LY294002,  or  20  pM 
PD98059.  *P  <  0.01  compared  to  no  DHT,  **P  <  0.001  compared  to  no  DHT.  The  relative  contributions  of  apoptosis  and  proliferation  to  cell 
viability  are  discussed  in  the  text. 


significant  increase  in  promoter  activity  at  10“^  and 
10“^°  M  DHT  compared  to  no  DHT  (P  <  0.002),  while 
10“^^  M  DHT  did  not  significantly  increase  reporter 
activity  (Fig.  4A).  PRI  and  MET  cells  both  exhibited 
maximal  DHT-induced  AR  activity  at  10“^  M  DHT.  PRI 
and  MET  cells  were  then  treated  with  0.5  nM  IGF-I 
in  the  presence  or  absence  of  10“^°  M  DHT  (Fig.  4B). 
In  PRI  cells,  IGF-I  caused  a  significant  increase  in  DHT- 
induced  luciferase  activity  compared  to  cells  treated 
with  DHT  alone  (P  <  0.0001).  The  opposite  effect  was 
observed  in  MET  cells,  with  IGF-I  causing  a  signifi¬ 
cant  decrease  in  DHT-induced  luciferase  activity 
(P  <  0.0002). 

Effect  of  PI 3  K  and  ERK  Pathway  Inhibition  on 
DHT-Stimulated  AR  Activity 

Since  the  primary  signaling  pathways  activated  by 
the  IGF-IR  are  the  PI3K  and  ERK  cascades,  and  pros¬ 
tate  cancer  cells  exhibit  autocrine  production  of  IGF 
ligands,  we  next  examined  the  effects  of  alterations  in 
these  two  pathways  on  AR  transcriptional  activity  in 
order  to  determine  if  one  or  both  of  these  pathways 
modulates  the  effects  of  the  IGF-IR  seen  in  the  PRI  and 
MET  cell  lines  [25]. 

PRI  and  MET  cells  were  treated  with  25  pM 
LY294002,  15  particles /cell  AKT  adenovirus,  15  parti¬ 


cles /cell  (dn)AKT  adenovirus,  or  20  pM  PD98059  for 
2  hr  prior  to  addition  of  10“^°  M  DHT  for  24  hr.  Twenty 
five  micromolar  LY294002  or  (dn)  adenoviral  AKT,  in 
the  presence  of  10“^°  M  DHT,  caused  a  significant 
reduction  in  DHT-induced  luciferase  activity  in  the  PRI 
cells  (P  <  0.002;  Fig.  4C).  The  results  with  the  (dn)Akt 
construct  are  not  shown,  since  they  were  similar  to 
LY294002.  Both  the  AKT  adenovirus  and  PD98059 
caused  a  significant  increase  in  DHT-induced  lucifer¬ 
ase  activity  (P  <  0.01),  while,  in  MET  cells,  the  oppos¬ 
ite  effect  was  observed.  Namely,  LY294002  and  15 
particles/ cell  (dn)AKT  adenovirus  caused  a  significant 
increase  in  DHT-induced  luciferase  activity  (P  <  0.01), 
while  AKT  and  PD98059  caused  a  significant  decrease 
in  AR  promoter  activity  (P  <  0.0002).  To  determine 
whether  IGF-I  was  able  to  modulate  the  observed 
effects  of  (dn)AKT,  LY294002,  or  PD98059  treatment, 
PRI  and  MET  cells  were  treated  with  the  above  reagents 
for  2  hr,  followed  by  0.5  nM  IGF-I  treatment  for  1  hr 
prior  to  addition  of  10“^°  M  DHT  for  24  hr.  As  seen  in 
Figure  4D,  in  the  PRI  cells,  IGF-I  treatment  abolished 
the  decrease  in  DHT-induced  luciferase  activity  with 
LY294002  and  (dn)Akt  treatment.  PRI  cells  treated 
with  IGF-I  had  significantly  higher  DHT-induced 
luciferase  activity  than  cells  treated  with  DHT  alone 
(P  <  0.0002).  In  the  MET  cells,  the  opposite  effect  was 
again  observed.  IGF-I  treatment  significantly  decreased 


26 


284  Plymate  et  al. 


B 


PRI 


1800 
1600 
1400 
1200 
1000 
800 
600 
400 
200 
otn 


Mn 


a  a  a  a 

O  cp  o  w 

C  O  «  « 


MET 


■ 


I  I  I  I 

Q  Q  Q  Q 

O  «?  ®  5i 

=  °  b  b 


£ 

o 


3600 

3200 

2800 

2400 

2000 

1600 

1200 

800 

400 

0 


PRI 


i  s 

I  ^ 


* 

I 


MET 


25 

20 


2  15 
u 

I- 

3 

^  5 


PRI 


MET 


30  1 


_  25  1 
oT 

1  20 

u 

2  15  1 


10  1 


5l 


PRI 

1 


I  O  o  o 

°  +  T  + 

fc  Q 
-I  g  D- 

c 

■D 


MET 


O  o  o 

^  i  s 
< 


Fig.  4.  Luciferase  reporter  activity  in  PRI  and  MET  cells.  A:  DHT-induced  luciferase  activity  in  PRI  and  MET  cells  transfected  with  the  AAR3 
promoter  construct  following  DHT  (I0“®,  10“'°,  and  10“'^  M)  treatment  for  24  hr.  In  PRI  and  MET  cells,  I0“°  and  I0“'°  M  DHT significantly 
increased  promoter  activity  (*P  <  0.01).  In  the  MET  cells,  I0“°  M  DHT  significantly  decreased  promoter  activity  compared  to  I0“'°  M  DHT 
(**P  <  0.05).  Furthermore,  the  increase  in  promoter  activity  at  I0“°  and  I0“'°  M  DHT  in  the  MET  cells  was  significantly  less  than  the  respective 
increase  observed  in  the  PRI  cells  (**P  <  0.01).  B:  Luciferase  activity  in  PRI  and  MET  cells  treated  with  0.5  nM  IGF-I  for  I  hr  prior  to  addition  of 
I0“'°  M  DHT  for  24  hr.  PRI  cells  showed  a  significant  increase  in  DHT-induced  luciferase  activity  in  the  presence  of  IGF-I  (*P  <  0.0001),  while  MET 
cells  showed  a  significant  decrease  in  DHT-induced  luciferase  activity  in  the  presence  of  IGF  (**P  <  0.0002).C:  Luciferase  reporter  activity  in  PRI 
and  MET  cells  treated  with  25  pM  LY294002, 15  particles/cell  AKTadenovirus,  or20pM  PD98059for  2  hr  prior  to  addition  of  I0“'°  M  DHT  for  24  hr. 
Resultsare  expressed  as  afold  increase  in  DHT  +  treatment/treatment  alone,  for  example,  IGF-I  +  DHTtreatment/IGF-l  treatment  alone.  In  the 
PRI  cells,  the  presence  of  25  pM  LY294002  significantly  reduced  levels  of  DHT-induced  luciferase  activity  (**P  <  0.002),  while  AKTand  PD98059 
caused  a  significant  increase  in  DHT-induced  luciferase  activity  (**P<0.0l).  In  the  MET  cells,  the  opposite  effect  was  observed;  namely, 
LY294002  caused  a  significant  increase  in  DHT-induced  luciferase  activity  (*P  <  0.01),  while  AKT and  PD98059  caused  a  significant  decrease 
in  DHT-induced  luciferase  activity  (**P  <  0.0002).  D.  The  effect  of  IGF-I  treatment  on  luciferase  activity  in  PRI  and  MET  cells  treated  with 
25  pM  LY294002, 15  particles/cell  AKT  adenovirus,  or  20  pM  PD98059  for  2  hr  prior  to  addition  of  0.5  nM  IGF-I  for  I  hr  followed  by  addition 
of  I0“'°  M  DHT  for  24  hr.  In  PRI  cells,  IGF-I  reversed  the  decrease  in  DHT-induced  luciferase  activity  caused  by  LY294002,  and  in  the  MET 
cells,  IGF-I  reversed  the  increase  in  DHT-induced  luciferase  activity  seen  with  LY294002  (compare  C  and  D).  In  the  PRI  cells,  all  cells  treated 
with  IGF-I  had  significantly  higher  DHT-induced  luciferase  activity  (*P<  0.0002).  In  the  MET  cells,  the  opposite  effect  was  observed,  with 
all  IGF-l-treated  cells  having  significantly  reduced  DHT-induced  luciferase  activity  (**P  <  0.0005). 


DHT-induced  luciferase  activity  in  IGF-I-treated  cells 
(P  <  0.0005),  and  IGF-I  treatment  overcame  the  increase 
in  DHT-induced  luciferase  activity  observed  in  the 
presence  of  LY294002  or  (dn)AKT  in  the  MET  cells. 

In  order  to  confirm  that  the  adenoviral  AKT  and 
(dn)AKT  constructs  performed  appropriately,  we  in¬ 
fected  Ml 2  cells  with  15  particles/ cell  of  either  AKT  or 


(dn)AKT  adenovirus.  Cell  lysates  were  collected  24  hr 
after  infection  and  Western  immunoblots  performed. 
In  Figure  5A,  we  confirm  that  the  AKT  construct 
increases  the  expression  of  AKT  protein  and  phos- 
phorylated  AKT,  and  that  the  phosphorylation  of  the 
transfected  AKT  is  stimulated  by  IGF-I  treatment 
(Fig.  5B).  In  Figure  5B,  we  also  confirm  that  LY294002 
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Fig.  5.  A  .•Western  immunoblot  of  cell  lysates  with  either  AKTor 
phospho-AKT  (pAKT)  antibody  24  hr  following  the  addition  of  AKT 
adenovirus  to  the  PRI  cell  line.  Note  the  increase  in  total  AKT  protein 
as  well  as  phosphorylated  AKT  in  the  AKTadenovirus-infected  cells. 
B:  Western  immunoblot  of  forkhead  and  phospho-forkhead  in 
whole-cell  lysates  from  PRI  cells.  Note  the  decrease  in  forkhead 
phosphorylation  with  the  addition  of  LY294002  and  (dn)  AKT  adeno¬ 
virus  compared  to  untreated  PRI  cells. 


and  (dn)AKT  markedly  inhibit  phosphorylation  of  the 
downstream  AKT  target,  forkhead  protein.  Thus,  these 
data  confirm  that  the  adenoviral  AKT  and  (dn)AKT 
constructs  function  as  expected  in  the  time  frame 
described. 


Effect  of  IGF- 1 R  Expression  Level  on  AR 
Transcriptional  Activity 

The  expression  levels  of  the  IGF-IR  and  AR  proteins 
in  representative  clones  of  each  construct  are  shown  in 
Figure  6A,B,  and  the  relative  changes  in  AAR3  reporter 
activity  for  these  constructs  are  seen  in  Figure  6C. 
Increased  expression  of  the  IGF-IR  (with  the  LISN 
vector)  in  the  PRI  cell  line  did  not  result  in  any  quali¬ 
tative  change  in  AR-induced  promoter  activity,  nor 
were  there  any  qualitative  differences  noted  between 
these  two  constructs  when  either  the  PI3K  or  ERK 
pathways  were  inhibited.  In  contrast,  when  the  IGF-IR 
was  re-expressed  in  the  MET  sublines.  Figure  6C,  AR- 
induced  promoter  activity  reverted  to  that  seen  in  the 
PRI  lines.  It  should  be  noted  that,  in  the  progression 
from  PRI  to  MET  cells,  there  is  a  significant  decrease  in 
endogenous  IGF-IR  expression.  This  suggests  that  re¬ 
expression  of  the  IGF-IR  in  MET  cells  results  in  the 
conversion  of  the  IGF-regulated  portion  of  AR  tran¬ 
scriptional  activity  to  the  less-aggressive  phenotype 
exhibited  by  PRI  cells.  On  the  other  hand,  the  level  of 


basal  expression  of  the  IGF-IR  in  the  PRI  cells  is  similar 
to  that  of  poorly  tumorigenic  cell  lines,  and  a  further 
increase  in  IGF-IR  expression  does  not  result  in  a 
qualitative  change  in  AR  transcriptional  activity. 

Effects  of  IGF-IR  re-Expression  on  AR  Activity  in 
PRI  and  MET  Cell  Lines  Following  Inhibition 
of  the  PI  3  K  and  ERK  Pathways 

As  shown  in  Figure  6C,  when  the  ERK  pathway  was 
inhibited  with  PD98059,  there  was  an  increase  in  DHT- 
stimulated  reporter  activity  in  the  PRI  line  when  the 
IGF-IR  was  re-expressed  (Fig.  6C2)  as  compared  to  the 
PRI  cells  without  the  IGF-IR  re-expressed  (Fig.  6C1). 
There  were  no  differences  when  AKT  was  inhibited 
between  the  PRI  and  PRI  line  with  the  IGF-IR  re¬ 
expressed  (data  not  shown).  In  contrast,  in  the  MET 
line,  when  the  IGF-IR  was  re-expressed,  the  response  to 
inhibition  of  the  ERK  pathway  (Fig.  6C5)  resulted  in  a 
pattern  similar  to  that  seen  in  the  PRI  cells  without  IGF- 
IR  re-expression  (Fig.  6C1).  More  striking  changes  were 
noted  with  inhibition  of  the  PI3K  pathway,  where  there 
was  a  reversion  to  the  PRI  AKT  response  in  the  MET  cell 
line  when  the  IGF-IR  was  re-expressed  (Fig.  6C3).  These 
data  suggest  that  re-expression  of  the  IGF-IR  in  the 
metastatic  cell  lines  returns  the  interaction  between 
the  AR  and  IGF-IR  to  that  characteristic  of  the  less- 
aggressive  PRI  cells.  These  findings  are  in  agreement 
with  earlier  reports  that  a  decrease  in  IGF-IR  in  prostate 
cancer  is  associated  with  a  more  aggressive  phenotype 
[20,29-31]. 

AKT  Inhibition  Results  in  Differences  in  Expression 
of  Androgen-Regulated  Genes  Between  PRI 
and  MET  Cells 

Since  the  AR  functions  as  a  transcription  factor,  we 
used  cDNA  microarrays  to  determine  if  alteration  of 
IGF  signaling  results  in  differential  regulation  of  genes 
expressed  in  response  to  androgens.  RNA  isolated 
from  PRI  and  MET  cells  treated  with  DHT  and  treat¬ 
ed  with  LY29004,  (dn)AKT  adenovirus,  or  vehicle 
was  used  to  interrogate  microarrays  as  described  in 
''Materials  and  Methods."  The  genes  that  were 
differentially  regulated  by  both  LY294002  and  the 
(dn)AKT  construct  compared  to  vehicle  control  cells 
are  shown  in  Table  II.  Of  particular  note  are  the  changes 
in  the  expression  levels  of  PSA,  ets,  and  TMPRSS2, 
genes  that  contain  well-defined  androgen  response 
elements  in  their  promoters.  Differences  in  PSA  and 
TMPRSS2  mRNA  levels  were  confirmed  by  quantita¬ 
tive,  real-time  RT-PCR,  and  LIM  kinase  mRNA  levels 
by  Northern  blot  (data  not  shown).  These  array  data 
demonstrate  that  the  changes  we  have  described  in  the 
interaction  between  the  between  the  IGF-IR  and  AR 
between  primary  and  metastatic  prostate  cancer. 
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Fig.  6.  Luciferase  activity  in  PRIand  MET  cells  with  and  without  re-expression  ofthelGF-IRusing  the  retroviral  LISNIGF-IRexpression  vector. 
Control  PRI  (6CI)  and  MET  (6C4)  cells  were  infected  using  the  LXSN  empty  retroviral  cassette. The  increase  in  IGF-IR  expression  is  shown  in 
(A)  and  persistence  of  AR expression  in  (B).  PRI-cand  MET-c  indicate  PRI  or  MET  cells  infected  with  the  empty  LXSN  vector,  and  Cl -3  indicate 
clones  of  either  PRI  or  MET  cells  infected  with  the  LISN  IGF-IR  vector.  C:  Re-expression  of  the  IGF-IR  in  the  PRI  cells  (6C2  and  3)  results  in  a 
quantitative  increase  in  reporter  response,  but  no  qualitative  differences  compared  to  the  control  cells.  In  contrast,  in  the  MET  cells,  re-expres- 
sion  of  the  IGF-IR  (6C5  and  6)  results  in  a  qualitative  difference  in  AR  activity,  with  conversion  to  the  pattern  seen  in  the  PRI  control  cells.  In  this 
figure,  we  have  included  the  effect  of  inhibition  of  ERK  by  the  addition  of  PD98059  (PD,  6C2  and  5)  and  PI3K  by  the  addition  of  LY294002  (LY,  6C3 
and  6)  or  increased  AKT  by  addition  of  the  previously  described  AKTadenoviral  construct  (AKT,  6C3  and  6).  *P  <  0.01  compared  to  the  respective 
DHT-stimulated  response  for  the  PRI  or  MET  cell  line.  Note  that,  in  addition  to  the  quantitative  changes  seen  in  the  cells  when  the  IGF-IR  is 
expressed,  in  the  MET  line,  there  is  also  a  qualitative  difference  in  the  MET-LISN  cells,  with  a  response  similar  to  that  seen  in  the  PRI  control  cells. 
PRI  and  MET  LYand  AKT  control  responses  are  noted  in  Figure  4C,D. 


TABLE  II.  Genes  Differentially  Regulated  Between  PRI  and  MET  Cells  Following 
Inhibition  of  AKT  by  LY294002  and  (dn)  AKTas  Described  in  “Materials  and  Methods” 

Gene  name 

Gene  identification 

Fold  increase 

Kallikrein-3  (prostate  specific  antigen  (PSA)) 

gi[22345713 

4.1 

ets  homologous  factor 

gi[7955288 

3.2 

Jumping  translocation  breakpoint 

gi[4629922 

2.4 

Vascular  cell  adhesion  molecule  1 

gi[18201908 

2.5 

Epitheliasin  (TMPRSS2) 

gb[AF329454 

2.0 

B-cell  CLL/ lymphoma  2  (Bcl-2) 

gi[20072667 

2.0 

Claudin  4 

gi[2570124 

2.7 

LIM  domain  kinase  1 

gi[565279 

3.3 

Anterior  gradient  2  hormone 

gi[218in48 

5.1 

Monoamine  oxidase 

gi[187354 

6.2 

Claudin  7 

NM001307 

6.2 

In  order  to  be  considered  differentially  regulated,  they  had  to  be  affected  by  both  LY294002  and  the 
(dn)AKT  construct. 
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DISCUSSION 

In  this  study,  we  have  demonstrated  there  is  a 
functional  interaction  between  the  AR  and  the  IGF-IR, 
and  that  this  interaction  depends  on  the  cell  context  in 
which  the  interaction  takes  place.  More  specifically,  the 
determinants  of  cell  context  were  whether  the  cell  line 
had  been  derived  from  a  primary  prostate  tumor  or 
whether  this  line  had  developed  metastatic  capability. 
The  relationship  between  the  AR  and  growth  factors 
in  the  prostate  changes  markedly  in  the  progression 
from  benign  to  metastatic  prostate  cancer.  In  the  more 
benign  cell,  androgens  stimulate  prostate  epithelial 
growth  via  a  paracrine  mechanism  in  which  androgen 
stimulates  the  release  of  peptide  growth  factors  from 
stromal  cells.  These  growth  factors,  in  turn,  act  through 
their  cognate  receptors  on  epithelial  cells  to  stimulate 
growth.  The  role  of  the  AR  in  the  epithelial  cell  is 
related  to  differentiation  and  inhibition  of  cell  growth 
[5].  This  effect  on  cell  growth  and  induction  of  more 
differentiated  functions  was  seen  in  our  PRI  cells, 
where  cell  growth  was  inhibited  by  androgen,  PSA  was 
expressed,  and  tumor  formation,  as  well  as  the  latent 
period  to  tumor  formation,  was  increased.  These 
results  are  similar  to  those  reported  for  other  mouse 
and  human  immortalized  epithelial  cells  [32,33].  How¬ 
ever,  the  function  of  the  AR  in  malignant  metastatic 
cells  changes,  and  activation  of  the  AR  no  longer 
inhibits  proliferation.  Furthermore,  since  the  cells 
acquire  an  autocrine  production  of  growth  factors,  the 
relationship  between  the  AR  and  stroma  needed  to 
maintain  epithelial  growth  in  the  benign  prostate  is 
no  longer  necessary.  Thus,  in  the  malignant  prostate 
epithelium,  the  AR  is  converted  from  a  regulator  of 
growth  and  differentiation  to  a  potential  ''oncogene" 
that  enhances  cell  proliferation  and  survival  [5].  In 
the  case  of  most  human  prostate  cancer  cell  lines,  as 
well  as  25%  or  more  of  prostate  cancers,  mutation  or 
decreased  expression  of  the  AR  is  associated  with 
progression  to  malignancy.  The  concept  of  altered  AR 
signaling  in  the  progression  to  metastatic  disease  is 
documented  in  the  present  study,  in  which  we 
demonstrate  qualitative  differences  in  androgen-sti¬ 
mulated  AR  transcriptional  activity  that  are  dependent 
on  whether  the  target  cell  is  derived  from  an  intrapro¬ 
static  or  metastatic  context.  These  differences  in  AR 
activity  result  in  differences  in  the  levels  of  expression 
of  a  set  of  androgen-regulated  genes.  Microarray 
analyses  of  P69  and  Ml 2  cell  lines  that  compared 
differences  in  gene  expression  to  differences  in  genes 
expressed  in  primary  human  benign  and  malignant 
prostate  epithelial  cells  have  recently  been  published 
[34].  The  similarity  of  changes  in  gene  expression 
patterns  seen  in  the  progression  of  P69  to  Ml 2  cells, 
in  which  there  is  a  marked  increase  in  malignant 


characteristics,  and  the  changes  seen  between  human 
benign  and  malignant  microdissected  primary  prostate 
epithelial  cells  has  recently  been  published  [34].  This 
similarity  supports  the  relevance  of  this  model  to  the 
study  of  prostate  cancer. 

In  addition  to  changes  in  AR  signaling  that  have 
been  described  in  progression  to  metastatic  disease, 
there  are  also  marked  changes  in  the  IGF-IR.  In  the 
initial  transformation  process,  increased  expression 
of  the  IGF-IR  occurs.  This  initial  increase  in  IGF-IR 
expression  appears  to  be  due,  at  least  in  part,  to 
signaling  from  the  AR  [6].  However,  the  IGF-IR  can 
transform  cells  in  the  absence  of  steroid  receptors  [35]. 
Some  studies  have  indicated  that  the  increase  in  IGF- 
IR  expression  allows  IGF-IR-mediated  growth  and 
proliferation  signals  to  predominate  over  the  pro- 
apoptotic  and  differentiation  pathways  that  also 
emanate  from  the  IGF-IR  [35].  Once  the  initial  trans¬ 
formation  step  occurs  and  the  intraprostatic  cancer  has 
been  established,  the  level  of  IGF-IR  expression 
decreases  in  models  of  prostate  cancer  progression 
[3].  This  decrease  in  IGF-IR  expression  is  accompanied 
by  an  increase  in  autocrine  IGF-II  production  [25].  It  is 
important  to  note  that  the  decrease  in  IGF-IR  expres¬ 
sion  does  not  mean  that  the  IGF-IR  is  not  functional. 
A  number  of  studies  have  shown  that  interruption  of 
the  IGF  axis  in  malignant  prostate  epithelial  cell  lines 
results  in  inhibition  of  growth.  As  we  and  others  have 
shown,  the  decrease  in  IGF-IR  appears  to  be  an 
important  step  in  the  progression  towards  metastatic 
prostate  cancer  and  is  associated  with  an  androgen- 
independent  phenotype  [3].  Re-expression  of  the  IGF- 
IR  in  metastatic  prostate  cancer  cells  returns  the  cells 
to  a  less-aggressive  phenotype  [29,36].  Since  recent 
studies  have  suggested  that  expression  of  the  AR  in 
metastatic,  AR-negative  human  prostate  epithelial  cell 
lines  results  in  an  increase  in  IGF-IR  expression  that, 
in  turn,  activates  AKT  and  suppresses  the  apoptotic 
activity  of  the  AR,  in  this  study  we  have  followed  the 
effects  of  the  IGF  system  on  the  AR  in  a  model  of 
prostate  cancer  progression.  The  results  of  this  study 
are  consistent  with  those  of  previous  investigators 
showing  that  expression  of  a  wild-type  AR  in  an  AR- 
negative  prostate  cell  line,  including  normal  human 
and  mouse  epithelial  cells  that  have  been  immortalized 
with  either  SV40-T  or  E6/E7  papilloma  virus  [32,33], 
resulted  in  a  marked  decreased  in  tumorgenicity 
whether  cells  were  delivered  by  s.c.  or  orthotopic  in¬ 
jection.  The  decrease  in  tumorgenicity  was  associated 
by  a  delay  in  passage  through  the  Gi  stage  of  the  cell 
cycle,  with  increased  p21  and  p27^^P  expression  (data 
not  shown).  No  tumors  resulted  from  s.c.  injection 
of  M12-AR  PRI  cells;  however,  tumors  did  develop 
from  the  orthotopic  injections,  albeit  with  an  increas¬ 
ed  latency  period  and  decreased  frequency  of  tumor 
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formation.  Furthermore,  one  several  of  the  orthotopic 
tumors  developed  diaphragmatic  metastases.  These 
metastases  were  removed,  recultured  as  cell  lines, 
and  again  injected  in  the  orthotopic  position.  The 
latency  period  and  incidence  of  tumor  formation  of  the 
metastastic  cells  and  the  metastatic  sublines  returned  to 
that  of  the  original  Ml  2  AR-negative  cells,  suggest¬ 
ing  that  the  cells  had  reverted  to  the  AR-negative 
phenotype. 

To  determine,  if  there  was  an  interaction  between  the 
IGF-IR  and  AR  during  progression  to  metastasis,  we 
assayed  AR  activity  with  an  AAR3  reporter  construct. 
Our  results  were  surprising,  in  that  there  were  both 
quantitative  and  qualitative  differences  in  AR  activity 
in  primary  and  metastatic  cells.  Although  there  was  a 
quantitative  decrease  in  reporter  activity  between  the 
contexts,  this  could  not  account  for  the  quantitative 
differences  seen  between  the  cells.  Further,  when 
the  IGF-IR  was  re-expressed  in  the  metastatic  cells  to 
levels  seen  in  the  primary  intraprostatic  tumors,  AR 
activity  reverted  to  that  seen  in  the  primary  cells.  Spe¬ 
cifically,  in  MET  cells,  IGF-I  suppressed  AR  activity  in 
response  to  DHT,  while,  in  PRI  cells,  IGF-I  enhanced 
this  response.  These  findings  are  consistent  with  the 
concept  that  suppression  of  the  potential  differentiat¬ 
ing  effects  of  the  AR  occurs  as  prostate  cancer  becomes 
more  aggressive.  Further,  these  data  demonstrate  that, 
even  though  IGF-IR  expression  is  decreased  in  meta¬ 
static  prostate  cancer,  signaling  through  this  receptor 
still  has  a  functional  effect  on  AR  transactivation  of 
androgen  response  elements. 

Since  the  two  major  signaling  pathways  from  the 
IGF-IR  have  each  been  shown  to  affect  AR  signaling,  we 
examined  the  effects  of  these  pathways  in  relation  to 
IGF-IR  activation  in  PRI  and  MET  cells.  Cell  prolifera¬ 
tion  experiments  revealed  that,  compared  to  the  PRI 
cells,  MET  cells  showed  significantly  increased  pro¬ 
liferation  whether  or  not  DHT  was  present.  In  PRI  cells, 
10“^  and  M  DHT  were  inhibitory  to  in  vitro 

proliferation,  while  in  MET  cells,  only  10“^  M  DHT 
decreased  cell  viability.  Interestingly,  expression  of 
AKT  in  PRI  cells  reversed  the  inhibitory  effect  of  DHT 
on  growth  rate,  while,  in  the  MET  cells,  (dn)AKT  had 
no  effect.  The  decrease  in  proliferation  in  response  to 
androgen  is  similar  to  the  reported  effects  of  androgen 
in  AR-transfected  PC-3  cells,  as  well  as  the  effects  of 
androgen  administered  to  androgen-starved  LnCaP 
cells  [37-39]. 

DHT-activated  AR  activity  was  significantly  greater 
in  PRI  cells  than  MET  cells.  DHT  causes  reduced  cell 
growth  and  high  induction  of  AR  activity  in  the  PRI 
cells,  suggesting  that  DHT  is  causing  genes  in  the 
proliferative  shutoff  pathway  to  be  activated.  Because 
DHT  is  less  effective  in  activating  the  AR  and  inhibiting 
cell  growth  in  the  MET  cells,  it  is  possible  that  the  AR  is 


not  as  active  in  the  MET  cells.  We  are  presently  profiling 
which  genes  are  turned  on  by  DHT  and  AKT  in  PRI  and 
MET  cells. 

We  also  examined  the  effect  of  PI3K  inhibitors  on  AR 
activity.  AKT  alone  has  been  demonstrated  to  increase 
the  activity  of  the  AR  [40,41].  Although,  we  did  observe 
an  increase  in  AR  activity  after  24  hr  of  AKT  expression 
in  both  the  PRI  and  MET  cells,  the  effect  of  AKT  was 
not  significant.  In  the  PRI  cells,  AKT  significantly 
increased  DHT  induced  AR  activity,  while  (dn)AKT 
and  LY29004  significantly  decreased  DHT-induced  AR 
activity.  Because  AKT  increases  AR  activity  and 
abolishes  the  reduction  in  cell  growth  observed  with 
DHT,  it  is  plausible  that  AKT,  in  the  presence  of  DHT, 
increases  AR  activity,  resulting  in  expression  of  pro¬ 
liferative  genes  rather  than  the  induction  of  apoptotic 
genes  associated  with  DHT  alone.  We  are  currently 
investigating  this  possibility.  AKT  also  phosphorylates 
the  AR  at  various  sites  [6,42]  and  it  would  be  interesting 
to  determine  whether  phosphorylation  differs  under 
different  conditions.  The  results  observed  in  PRI  cells 
contrast  with  those  observed  in  MET  cells,  where,  in  the 
presence  of  DHT,  AKT  caused  a  significant  decrease  in 
AR  promoter  activity,  while  (dn)AKT  and  LY294002 
caused  a  significant  increase  in  AR  activity.  Thus, 
it  appears  that,  in  the  MET  cells,  AKT  decreases  cell 
proliferation  and  also  decreases  DHT-induced  AR 
activity. 

It  appears  that,  in  the  PRI  cells,  AKT  causes  an 
increase  in  cell  viability  and  also  enhances  AR  activity, 
resulting  in  increased  proliferation.  However,  the  MET 
cells  do  not  appear  to  respond  to  AKT  or  DHT  with  any 
significant  change  in  cell  viability;  if  anything,  AKT 
appears  to  inhibit  cell  growth.  Thus,  it  is  interesting  that 
AKT,  which  normally  causes  cell  proliferation,  is  signi¬ 
ficantly  increased  in  the  MET  cells,  but  does  not  appear 
to  cause  increased  cell  growth.  One  would  assume  that 
other  pathways  are  active  in  the  MET  cells  causing  the 
significant  increase  in  cell  proliferation. 

In  contrast  to  the  effects  of  AKT  in  the  PRI  cells, 
inhibition  of  the  ERK  pathway  enhances  signaling 
through  the  AR.  This  result  is  similar  to  that  reported  by 
Bakin  et  al.  [9],  in  which  attenuation  of  Ras  signaling 
restored  androgen  sensitivity  to  AR-positive,  but  not 
hormone-refractory,  LnCaP  C4-2  cells.  However,  in  the 
MET  cells,  inhibition  of  the  ERK  pathway  resulted  in  a 
decrease  in  AR  activity.  This  finding  suggests  that 
enhanced  AR  signaling  through  ERK  is  involved  in  the 
progression  of  prostate  cancer.  This  is  consistent  with 
data  from  other  studies.  It  also  suggests  that,  in  contrast 
to  recent  data  on  C4-2  cells  and  in  contrast  to  the  effects 
on  the  PRI  cells,  inhibition  of  ERK  in  MET  cells  can  no 
longer  return  the  cells  to  an  androgen-sensitive  state. 
Re-expression  of  the  IGF-IR  in  the  PRI  line  appears  to 
further  enhance  AR  signaling  following  inhibition  of 
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the  ERK  pathway,  but  had  no  significant  effects  on  the 
MET  cells. 

Since  the  AR  is  a  transcription  factor,  we  would 
expect  to  see  differences  between  primary  and  meta¬ 
static  tumors  in  gene  expression  following  manipula¬ 
tion  of  the  IGE  signaling  pathway.  We  elected  to  inhibit 
the  PI3K  pathway,  since  this  pathway  has  been  report¬ 
ed  to  alter  IGE-IR  signaling  when  activated  through  the 
IGE-IR.  As  we  demonstrated,  inhibition  of  AKT  signal¬ 
ing  resulted  in  differential  expression  of  a  subset  of  AR- 
regulated  genes.  We  specifically  selected  from  the  array 
genes  that  are  known  to  have  an  androgen  response 
element  in  their  promoter,  e.g.,  kallikrein  3  (PSA),  ets 
homologous  factor,  TMPRSS2,  or  genes  that  have  been 
demonstrated  to  vary  their  expression  either  directly  or 
indirectly  in  response  to  androgen.  The  array  data  sub¬ 
stantiate  that  the  context  in  which  the  AR  is  expressed 
results  in  alterations  of  AR  signaling. 

These  studies  have  shown  that  there  are  interactions 
between  changes  in  IGE-IR  expression  and  AR  activity. 
Since  we  have  demonstrated  that  the  changes  occurred 
in  the  context  of  primary  intraprostatic  tumor  compar¬ 
ed  to  metastatic  lesions,  and  that  they  were  associated 
with  the  changes  that  have  been  described  clinically  for 
the  IGE-IR  in  progression  to  metastasis,  we  suggest  that 
signaling  through  the  IGE-IR  changes  during  progres¬ 
sion  to  metastasis  and  may  be  involved  in  the  dys- 
regulation  of  the  AR  that  results  in  its  change  from  a 
differentiation  and  growth  regulator  in  normal  prostate 
to  an  oncogene  and  metastasis  inducer  in  aggressive 
prostate  cancer. 
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Abstract 

The  greatest  risk  factor  for  developing  carcinoma  of  the 
prostate  is  advanced  age.  Potential  molecular  and  physiologic 
contributors  to  the  frequency  of  cancer  occurrence  in  older 
individuals  include  the  accumulation  of  somatic  mutations 
through  defects  in  genome  maintenance,  epigenetic  gene 
silencing,  oxidative  stress,  loss  of  immune  surveillance,  telo¬ 
mere  dysfunction,  chronic  inflammation,  and  alterations  in 
tissue  microenvironment.  In  this  context,  the  process  of 
prostate  carcinogenesis  can  be  influenced  through  interactions 
between  intrinsic  cellular  alterations  and  the  extrinsic  micro¬ 
environment  and  macroenvironment,  both  of  which  change 
substantially  as  a  consequence  of  aging.  In  this  study,  we  sought 
to  characterize  the  molecular  alterations  that  occur  during  the 
process  of  prostate  fibroblast  senescence  to  identify  factors  in 
the  aged  tissue  microenvironment  capable  of  promoting  the 
proliferation  and  potentially  the  neoplastic  progression  of 
prostate  epithelium.  We  evaluated  three  mechanisms  leading 
to  cell  senescence:  oxidative  stress,  DNA  damage,  and  replica¬ 
tive  exhaustion.  We  identified  a  consistent  program  of  gene 
expression  that  includes  a  subset  of  paracrine  factors  capable 
of  influencing  adjacent  prostate  epithelial  growth.  Both  direct 
coculture  and  conditioned  medium  from  senescent  prostate 
fibroblasts  stimulated  epithelial  cell  proliferation, 
3-fold  and  2-fold,  respectively.  The  paracrine-acting  proteins 
fibroblast  growth  factor  7,  hepatocyte  growth  factor,  and 
amphiregulin  (AREG)  were  elevated  in  the  extracellular  envi¬ 
ronment  of  senescent  prostate  fibroblasts.  Exogenous  AREG 
alone  stimulated  prostate  epithelial  cell  growth,  and  neutral¬ 
izing  antibodies  and  small  interfering  RNA  targeting  AREG 
attenuated,  but  did  not  completely  abrogate  the  growth- 
promoting  effects  of  senescent  fibroblast  conditioned  medium. 
These  results  support  the  concept  that  aging-related  changes  in 
the  prostate  microenvironment  may  contribute  to  the  progres¬ 
sion  of  prostate  neoplasia.  (Cancer  Res  2006;  66(2):  794-802) 

Introduction 

Clinical  prostate  cancer  is  extremely  rare  in  men  ages  <40, 
occurring  with  a  frequency  of  1  in  10,000  individuals  (1). 
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Unfortunately,  the  incidence  increases  dramatically  over  the 
ensuing  decades  to  represent  the  most  common  noncutaneous 
malignancy  in  men  >60  years  of  age,  with  a  one-in-seven  chance  of 
cancer  detection  between  ages  60  and  79  years.  This  relationship 
between  prostate  cancer  incidence  and  aging  is  consistent  across 
ethnic  and  racial  groups.  The  prevalence  of  latent  or  indolent 
prostate  carcinoma  also  increases  in  a  dramatic  fashion  with 
aging.  Sakr  et  al.  (2)  systematically  examined  prostate  glands  from 
young  males  and  identified  prostatic  intraepithelial  neoplasia  in 
0%,  9%,  20%,  and  44%,  and  foci  of  histologic  cancer  in  0%,  0%,  27%, 
and  34%  in  the  second,  third,  fourth,  and  fifth  decades  of  age, 
respectively.  Understanding  the  factors  infiuencing  the  progression 
of  these  cancers  to  invasive  and  lethal  forms  represents  an  active 
area  of  research.  Although  secondary  and  tertiary  events  in  the 
initiated  epithelium  contribute  cellular  characteristics  driving 
neoplastic  progression,  it  is  also  apparent  that  reactive  or  aging- 
related  alterations  in  the  tumor  microenvironment  provide 
necessary  or  sufficient  infiuences  that  promote  tumor  cell  invasion 
and  metastasis. 

The  host  microenvironment  is  increasingly  viewed  as  an 
important  active  contributor  to  tumor  growth  and  tumor 
suppression.  Sternlicht  et  al.  (3)  reported  that  manipulation  of 
the  microenvironment  through  overexpression  of  stromelysin  1 
could  produce  carcinomas  derived  from  the  adjacent  parenchymal 
cells.  Malignant  breast  epithelial  cells  can  be  epigenetically 
reprogrammed  to  a  near-normal  morphology  with  the  appropriate 
microenvironment  in  vitro  (4,  5).  Conversely,  morphologically 
normal  breast  tissue  can  exhibit  invasive  groAvth  in  vivo  through 
alterations  in  the  stromal  environment  (6).  Exposure  of  mammary 
gland  stroma  to  irradiation  or  carcinogens  has  been  shown  to 
promote  tumor  formation  by  nontumorigenic  breast  epithelial  cells 
(7,  8),  whereas  normal  breast  stroma  does  not  support  tumorigen- 
esis.  Thus,  the  microenvironment  provided  by  the  stroma  can  be  a 
powerful  suppressor — or  promoter — of  malignant  epithelial  phe¬ 
notypes  caused  by  oncogenic  mutations.  In  the  context  of  prostate 
cancer,  elegant  studies  by  Olumi  et  al.  (9)  have  shoAvn  that 
nontumorigenic  prostate  epithelial  cells  can  become  tumorigenic 
when  cocultured  with  fibroblasts  obtained  from  regions  near 
tumors.  Inactivation  of  the  transforming  growth  factor- p.  (TGF-p.) 
type  II  receptor  gene  in  mouse  fibroblasts  resulted  in  intraepithelial 
neoplasia  in  the  prostate  and  invasive  cancers  of  the  forestomach 
(10),  a  finding  that  further  supports  the  important  role  of  stroma  in 
the  process  of  carcinogenesis. 

There  is  substantial  evidence  that  aging-related  changes  can 
infiuence  stromal-epithelial  interactions  leading  to  an  environment 
permissive  for  neoplastic  growth.  Cellular  senescence  represents  an 
aging-associated  process  and  senescent  cells  accumulate  in  tissues 
with  age  (11,  12).  Although  senescent  and  tumor-associated 
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reactive  fibroblasts  differ  in  growth  potential  and  morphology,  they 
share  the  ability  to  stimulate  the  proliferation  and  invasive 
behavior  of  initiated  epithelial  cells  through  direct  contact  or 
secreted  factors.  Work  by  Krtolica  et  al.  (13)  has  shown  the  ability 
of  senescent  human  fibroblasts  to  promote  the  groAvth  and 
tumorigenesis  of  premalignant  and  malignant  breast  epithelial 
cells,  a  finding  that  provides  a  mechanistic  link  between  stromal 
aging  and  carcinogenesis. 

In  this  study,  we  sought  to  characterize  the  molecular  alterations 
that  occur  during  the  process  of  prostate  fibroblast  senescence  to 
identify  factors  in  the  aged  tissue  microenvironment  capable  of 
promoting  the  proliferation  and  potentially  the  neoplastic  pro¬ 
gression  of  prostate  epithelium.  We  evaluated  three  mechanisms 
leading  to  cell  senescence  (i.e.,  oxidative  stress,  DNA  damage,  and 
replicative  exhaustion)  and  identified  a  common  and  consistent 
program  of  gene  expression  that  includes  a  subset  of  paracrine 
factors  capable  of  influencing  adjacent  prostate  epithelial  growth. 
These  results  support  the  concept  that  aging-related  changes  in  the 
prostate  microenvironment  may  contribute  to  the  genesis  and 
progression  of  prostate  neoplasia. 

Materials  and  Methods 

Cell  culture.  The  methods  for  isolating  and  propagating  the  primary 
human  prostate  stromal  cells  used  in  this  study  were  described  previously 
(isolates  PSC27,  PSC31,  and  PSC36;  ref.  14).  Briefly,  tissues  from  benign 
areas  of  radical  prostatectomy  specimens  were  collected  under  approval 
by  the  institutional  review  board.  Stromal  cells  were  cultured  in  PSC 
medium  [80%  MCDB131  (Invitrogen,  Carlsbad,  CA)  supplemented  with 
10%  PCS,  nonessential  amino  acids,  insulin,  dexamethasone,  transferrin, 
selenium,  and  20%  AmnioMax  (Life  Technologies,  Carlsbad,  CA)],  and 
routinely  subcultured  1:8.  The  human  prostatic  epithelial  cell  line  BPHl 
was  derived  from  nonmalignant  prostatic  tissue  with  benign  hyperplasia 
and  immortalized  by  transfection  with  SV40-large  T  antigen  and  has  been 
described  previously  (15).  BPHl  cells  were  cultured  in  DMEM  +  10%  fetal 
bovine  serum  (PBS)  at  37°C  and  5%  CO2  until  80%  to  100%  confluent  and 
routinely  subcultured  1:8.  The  neoplastic  metastatic  M12  human  prostate 
epithelial  cell  line  and  culture  conditions  have  been  described  previously 
(16).  BPHl  and  M12  cells  were  transfected  with  pIRES2-EGPP  (BD 
Bioscience,  Palo  Alto,  CA)  using  LipofectAMINE  2000  (Invitrogen) 
according  to  the  recommendations  of  the  manufacturer.  The  cells  were 
passaged  1:10  the  next  day  into  fresh  medium  and  subsequently  flow 
sorted  in  a  PACSVantage  (Becton  Dickinson,  Palo  Alto,  CA)  with  selection 
for  green  fluorescent  protein  (GPP)  expression.  Positive  cells  were  seeded 
into  DMEM  +  10%  PCS,  expanded,  and  stored  frozen  in  liquid  nitrogen. 
These  sublines  were  designated  BPH1-GPP2  and  M12-GPP2  and  routinely 
subcultured  under  the  same  culture  conditions  as  the  parental  cells. 
Human  prostate  epithelial  cell  lines  DU145  and  PCS  were  routinely 
subcultured  under  the  same  culture  conditions  as  BPHl  and  used  without 
modifications. 

Senescence  induction.  Normal  human  prostate  stromal  cells  (PSC27, 
PSC31,  and  PSC36)  were  grown  in  PSC  medium  until  80%  confluent.  The 
cells  were  then  treated  for  2  hours  at  37  °C  with  1  mmol/L  hydrogen 
peroxide  (H2O2)  as  described  by  Chen  et  al.  (17)  or  overnight  with  100  pg/ 
mL  bleomycin  in  PSC  medium.  After  treatment,  the  cells  were  rinsed  thrice 
with  PBS  and  left  to  recover  3  days  in  PSC  medium.  Pollowing  recovery,  cells 
were  designated  PSC27ASB  (PSC27  accelerated  senescence  by  bleomycin), 
PSC27ASH  (PSC27  accelerated  senescence  by  H2O2),  or  PSC27N  (presenes- 
cent  PSC27).  Hydrogen  peroxide  and  bleomycin  sulfate  were  purchased 
from  Sigma-Aldrich  Biotechnology  LP  (St.  Louis,  MO). 

To  generate  cells  at  replicative  senescence,  PSC27  cells  were  cultured 
until  cell  doubling  time  >2  weeks  ( ~  45  cell  doublings).  At  this  time,  the 
cells  were  considered  to  have  reached  replicative  exhaustion  and 
designated  PSC27RS.  Induction  of  senescence  was  verified  by  measuring 
the  increase  in  senescence-associated  p-galactosidase  (p-Gal)  activity 


essentially  as  described  previously  (11).  Briefly,  cells  were  washed  in  PBS 
and  fixed  3  minutes  in  10%  neutral  buffered  formalin  (Sigma,  St.  Louis, 
MO).  The  fixed  cells  were  then  washed  in  PBS  and  stained  overnight  in  1 
mg/mL  5-bromo-4-chIoro-3-indoIyI  p-D-galactoside,  40  mmoI/L  citric 
acid/sodium  phosphate  (pH  6.0),  5  mmoI/L  potassium  ferricyanide,  5 
mmoI/L  potassium  ferrocyanide,  150  mmoI/L  NaCI,  and  2  mmoI/L 
MgCl2.  Expression  of  the  p-Gal  transcript  was  also  quantified  by  PCR 
(see  below). 

In  vitro  cocultures  of  epithelium  and  fibroblasts.  BPH1-GFP2  cells 
were  mixed  wdth  various  proportions  of  PSC27N,  PSC27ASB,  PSC27ASH,  or 
PSC27RS  using  cell  numbers  previously  determined  to  form  confluent  lawns 
of  fibroblasts  in  six-well  plates.  The  fibroblast  ratios  were  as  follows:  100% 
PSC27N,  10%  PSC27ASB/90%  PSC27N,  30%  PSC27ASB/70%  PSC27N,  100% 
PSC27ASB,  10%  PSC27ASH/90%  PSC27N,  30%  PSC27ASH/70%  PSC27N, 
100%  PSC27ASH,  10%  PSC27RS/90%  PSC27N,  30%  PSC27RS/70%  PSC27N, 
and  100%  PSC27RS.  Each  cell  mixture  was  seeded  in  a  six-well  plate  (20,000 
BPH1-GFP2  cells  per  well)  in  DMEM  with  0.5%  FBS.  The  cultures  were 
incubated  for  3  days  after  which  cells  were  detached  with  trypsin  and  the 
total  cell  number  was  determined  by  direct  counting  in  a  hemacytometer. 
The  PSC/BPH1-GFP2  proportion  was  determined  on  a  FACScan  (Becton 
Dickinson)  using  GFP  fluorescence  as  a  marker  for  BPH1-GFP2  cells.  M12- 
GFP  cells  were  mixed  with  PSC27N  or  PSC27ASH  to  form  confluent  lawns  of 
fibroblasts  in  six-well  plates  and  analyzed  as  above.  The  means  of  the  cell 
quantitation  results  from  each  experimental  condition  were  compared 
using  a  two-sample  Student’s  t  test  assuming  unequal  variances. 

Culture  of  neoplastic  prostate  epithelial  cells  with  senescent 
fibroblast  conditioned  medium  and  amphiregulin.  Confluent  cultures 
of  PSC27N,  PCS27ASB,  PSC27ASH,  and  PSC27RS  were  rinsed  thrice  in 
PBS  and  incubated  for  3  days  in  DMEM  +  0.5%  ECS.  The  supernatant  was 
harvested  and  stored  frozen  at  — 80°C.  Conditioned  medium  was  thawed 
and  diluted  1:1  with  fresh  DMEM  +  0.5%  ECS  before  use.  BPH1-GFP2, 
DU145,  or  PCS  cells  were  seeded  at  20,000  per  well  in  six- well  plates  in 
conditioned  medium  or  fresh  DMEM  +  0.5%  ECS.  The  cultures  were 
incubated  for  3  days  and  the  total  number  of  cells  was  determined  by  direct 
counting  in  a  hemacytometer. 

To  evaluate  the  effect  of  amphiregulin  (AREG)  on  prostate  epithelial  cell 
growth,  20,000  BPH1-GFP2  cells  were  seeded  per  well  in  six- well  plates  in 
DMEM  +  0.5%  ECS  containing  increasing  concentrations  of  AREG  (0,  10“^, 
and  10“*  mol/L).  The  cultures  were  incubated  for  3  days  and  the  cell 
numbers  were  quantitated.  Separately,  20,000  BPH1-GFP2  cells  were  seeded 
per  well  in  six-well  plates  in  PSC27ASH  and  PSC27N-conditioned  medium 
containing  100  ng/mL  neutralizing  anti-AREG  antibodies  (mouse  mono¬ 
clonal  antihuman  AREG  IgG,  MAB262;  R&D  Systems,  Inc.,  Minneapolis,  MN) 
or  control  mouse  IgG.  The  cultures  were  incubated  for  3  days,  and  the  cell 
numbers  were  quantified  by  3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra- 
zolium  bromide  assay. 

Quantitative  reverse  transcription-PCR.  Total  cellular  RNA  was 
isolated  from  cultured  cells  using  the  TRIzol  reagent  (Invitrogen)  and  2 
pg  of  total  RNA  was  reverse  transcribed  using  SuperScriptll  Reverse 
Transcriptase  (Invitrogen)  according  to  the  recommendations  of  the 
manufacturer.  The  RNA  was  then  hydrolyzed  15  minutes  at  65  °C  in  0.20 
mol/L  NaOH  and  0.10  mol/L  EDTA  before  neutralization  wdth  0.33  mol/L 
Tris  (pH  7.4).  The  cDNA  was  purified  wdth  a  Qiagen  (Valencia,  CA)  PCR 
clean-up  column  according  to  the  recommendations  of  the  manufacturer. 

Primers  specific  for  the  genes  of  interest  were  designed  using  the  web- 
based  primer  design  service  PrimerS  provided  by  the  Whitehead  Institute 
for  Biomedical  Research  (http://fokker.wi.mit.edu/cgi-bin/primer3/ 
primer3_www.cgi).  Before  quantitative  PCR  analysis,  the  suitability  of  the 
PCR  primers  were  examined  using  normal  human  prostate  cDNA,  Biolase  Taq 
polymerase  (Bioline,  Foster  City,  CA),  and  the  GeneAmp  PCR  system  9700 
(Applied  Biosystems,  Randolph,  MA).  Briefly,  1  ng  template  cDNA  was 
amplified  wdth  0.3  pmol/L  primers  in  30  cycles  of  94°  C  (15  seconds),  60 °C  (30 
seconds),  and  72  °C  (30  seconds).  The  PCR  products  were  analyzed  on  a  4% 
agarose  gel  in  1  x  TAE  wdth  5  pL  10  mg/mL  ethidium  bromide  per  100  mL  gel. 
The  following  primer  pairs  generated  strong  unique  PCR  products  of  the 
appropriate  lengths  and  were  selected  for  use  in  quantitative  PCR  reactions. 
Human  glyceraldehyde-3-phosphate  dehydrogenase  (GAPDH;  control): 
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ACTTCAACAGCGACACCCACTC  ( forward  primer)  and  CACCCTGTTGCTG- 
TAGCCAAA  (reverse  primer).  Human  p-actin  (control):  AAGGAGAATGGCC- 
CAGTCCT  (forward  primer)  and  TGCTATCACCTCCCCTGTGTG  (reverse 
primer).  Human  a-tubulin  (control):  GGTGACGTGGTTCCCAAAGA  (for¬ 
ward  primer)  and  GGTTTTGATGGTGGCAATGG  (reverse  primer).  Human 
p.-Gal:  TTAGGATGTGCATTTTCACCTGA  (forward  primer)  and 
CTTTGGCACTGCAGGGATG  (reverse  primer).  Human  manganese  superox¬ 
ide  dismutase  2  (MnS0D2):  ACTGCAAGGAACAACAGGCC  ( forward  primer) 
and  TCCCACACATCAATCCCCA  (reverse  primer).  Human  AREG:  TGGA- 
TTGGACCTCAATGACA  (forward  primer)  and  AGCCAGGTATTTGTGGT- 
TCG  (reverse  primer).  Human  fibroblast  growth  factor  7  (FGF7):  CTGAGGAT- 
CGATAAAAGAGGCAA  (forward  primer)  and  ATTCTTCATCTCTTG- 
GGTCCCTT  (reverse  primer).  Human  hepatocyte  growth  factor  (HGF): 
GTTCCTGGTCGTGGATGTGC  (forward  primer)  and  TCGGACAAAAATAC- 
CAGGACG  (reverse  primer).  Relative  quantification  of  gene  expression  by 
quantitative  PCR  (40  cycles  of  60  °C  annealing,  72  °C  extension  and  95  °C 
melting)  was  done  on  a  7700  Sequence  Detector  (ABI,  Foster  City,  CA)  using 
SYBR  Green  Master  mix  (ABI)  and  gene-specific  primers  according  to  the 
recommendations  of  the  manufacturer. 

cDNA  microarray  analysis.  Custom  Prostate  Expression  Database 
cDNA  microarrays  were  constructed  as  previously  described  (18)  using 
clones  derived  from  the  Prostate  Expression  Database,  a  sequence 
repository  of  human  prostate  expressed  sequence  tag  data  available  to 
the  public  (www.pedb.org;  ref.  19).  A  second  microarray  was  constructed 
using  ~  17K  cDNAs  chosen  from  the  Research  Genetics  sequence-verified 
set  of  IMAGE  clones.  The  inserts  of  individual  cDNA  clones  were  amplified 
by  PCR,  purified,  and  spotted  in  duplicate  onto  glass  microscope  slides 
(Gold  Seal,  Becton  Dickinson)  with  a  robotic  spotting  tool  (GeneMachine 
OmniGrid  100).  Probes  were  generated  from  the  PSC27,  PSC31,  and  PSC36 
prostate  fibroblast  cultures  at  steady  state  and  following  induction  of 
senescence.  Labeling  with  Cy3  and  Cy5  fluorescent  dyes  and  hybridization 
to  the  microarray  slides  were  essentially  as  described  (20). 

Fluorescent  array  images  were  collected  for  both  Cy3  and  Cy5  using  a 
GenePix  4000  B  fluorescent  scanner  (Axon  Instruments,  Foster  City,  CA). 
The  image  intensity  data  were  gridded  and  extracted  using  GENEPIX  PRO 
4.1  software  (Axon  Instruments),  and  spots  of  poor  quality  determined  by 
visual  inspection  were  removed  from  further  analysis.  All  three  stromal  cell 
lines  (PSC27,  PSC31,  and  PSC36)  and  three  senescence-inducing  treatments 
[H2O2  treatment  (ASH),  bleomycin  treatment  (ASB),  and  replicative 
exhaustion  (RS)]  were  hybridized  against  untreated  controls  to  the  Prostate 
Expression  Database  array.  Each  of  these  experiments  was  repeated  with  a 
switch  in  fluorescent  labels  to  account  for  dye  effects.  The  three  cell  lines 
treated  with  ASH  were  also  hybridized  to  the  human  17K  microarray. 
Normalization  of  the  Cy3  and  Cy5  fluorescent  signal  on  each  array  was  done 
using  Silicon  Genetics  GeneSpring  6.2  software  (Silicon  Genetics,  Redwood 
City,  CA)  A  print  tip- specific  Lowess  curve  was  fit  to  the  log-intensity  versus 
log-ratio  plot  and  20.0%  of  the  data  was  used  to  calculate  the  Lowess  fit  at 
each  point.  This  curve  was  used  to  adjust  the  control  value  for  each 
measurement.  If  the  control  channel  was  lower  than  10,  then  10  was  used 
instead.  Data  were  filtered  to  remove  values  from  poorly  hybridized  cDNAs 
with  average  foreground  minus  background  intensity  levels  <300.  Data  from 
the  two  duplicate  cDNAs  spots  on  each  Prostate  Expression  Database  chip 
as  well  as  the  duplicate  arrays  were  combined  and  the  average  ratios  were 
used  for  comparative  analyses.  Ratios  were  filtered  to  include  only  clones 
whose  expression  was  measurable  in  at  least  75%  of  the  samples. 
Differences  in  gene  expression  associated  with  senescence  were  determined 
using  the  significance  analysis  of  microarray  procedure  (http://www-stat. 
stanford.edu/~tibs/SAM/;  ref.  21).  A  one-sample  t  test  was  used  to 
determine  whether  the  mean  gene  expression  of  all  cell  lines  and  all 
treatments  differed  from  zero.  Gene  expression  differences  with  a  false 
discovery  rate  of  <1%  were  considered  significant.  A  multiclass  test  (one¬ 
way  ANOVA)  in  Significance  Analysis  of  Microarray  was  used  to  assess  the 
differences  between  cell  isolates. 

Western  blot  analysis.  Confluent  cultures  of  PSC27N,  PSC27ASH, 
PSC31N,  and  PSC31ASH  in  T150  flasks  were  rinsed  thrice  with  PBS  and 
the  cultures  were  incubated  for  3  days  in  DMEM  with  0.5%  FBS.  The 
supernatant  was  harvested  and  stored  frozen  at  — 80°C.  The  protein  was 
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Figure  1.  Induction  and  quantitation  of  prostate  fibrobiast  senescence. 

RNA  harvested  from  PSC27N,  PSC27ASH,  PSC27ASB,  and  PSC27RS  ceiis 
was  used  as  tempiate  for  qRT-PCR  measurements  of  transcripts  encoding  p-Gai 
and  MnSOD2.  GAPDH  transcripts  were  quantified  as  an  internai  standard. 

Data  are  normaiized  so  that  reiative  expression  of  |3-Gai  and  SOD2  in  untreated 
ceiis  equais  1. 


concentrated  before  SDS-PAGE  by  trichloroacetic  acid  precipitation  as 
follows:  1  mL  conditioned  medium  was  precipitated  for  1  hour  on  ice 
with  10%  final  trichloroacetic  acid  concentration.  The  tube  was  spun  in 
microcentrifuge  at  14,000  rpm  for  45  minutes  at  4°C.  The  supernatant 
was  removed  and  the  pellet  was  washed  with  1  mL  cold  acetone.  The 
centrifugation  and  acetone  wash  was  repeated.  After  drying,  the  sample 
was  dissolved  in  loading  buffer,  reduced  by  boiling  with  1%  DTT 
for  5  minutes,  and  separated  on  a  NuPAGE  MES  4%  to  12%  gel 
(Invitrogen)  according  to  the  instructions  of  the  manufacturer.  Purified 
recombinant  human  AREG  (R&D  Systems)  was  included  as  a  positive 
control  at  quantities  of  0.1  and  0.02  pg.  The  separated  proteins  were 
transferred  to  nitrocellulose  membranes  (Invitrogen)  in  a  trans-blot 
semidry  transfer  cell  (Bio-Rad,  Hercules,  CA).  Nonspecific  protein  binding 
to  the  nitrocellulose  membranes  was  saturated  over  night  with  3%  dry 
milk,  2%  bovine  serum  albumin,  and  0.1%  Tween  20  in  PBS  (Blotto). 
The  filters  were  then  blotted  with  antibodies  to  AREG,  FGF7  (R&D 
Systems),  or  HGF  (Sigma)  in  Blotto  for  3  hours  at  room  temperature. 
Adhered  primary  antibodies  were  visualized  with  horseradish  peroxidase- 
conjugated  ImmunoPure  secondary  antibodies  (Pierce,  Rockford,  IL)  and 
the  SuperSignal  West  Pico  Staining  system  (Pierce)  according  to  the 
instructions  of  the  manufacturer.  Western  blot  analysis  was  repeated 
with  a  second  antibody  recognizing  AREG  (AF262,  R&D  Systems). 

RNA  interference.  An  small  interfering  RNA  (siRNA)  duplex  targeting 
the  AREG  mRNA  and  a  GL2  control  were  designed  according  to  previously 
published  methods  (22)  and  purchased  from  Integrated  DNA  Technologies 
(Coralville,  lA;  www.idtdna.com).  Sequences  of  the  siRNA  used  were 
CCACAAAUACCUGGCUATAdTdT  (AREG)  and  CGUACGCGGAAUACUUC- 
GAdTdT  (GL2  control).  The  21-nucleotide  siRNA  duplexes  were  transfected 
into  prostate  fibroblasts  using  OligofectAMINE  (Invitrogen)  according  to 
the  instructions  of  the  manufacturer.  Transfected  cells  were  used  3  days 
after  transfection. 


Results 

Induction  of  prostate  fibroblast  senescence.  Several  factors 
have  been  shown  to  induce  a  phenotype  of  cellular  senescence 
(23,  24).  In  this  study,  we  evaluated  three  senescence  mechanisms 
that  prostate  fibroblasts  could  reasonably  encounter  in  their  natural 
environment:  oxidative  stress  (17),  DNA  damage  due  to  chemother¬ 
apy  exposure  (25),  and  replicative  exhaustion  (26).  We  studied  three 
independent  primary  prostate  stromal  cell  isolates  (PSC27,  PSC31, 
and  PSC32)  to  determine  both  the  consistency  and  variability  of  the 
phenotypic  and  gene  expression  features  of  the  senescence  program 
in  this  cell  type.  To  verify  a  senescence  phenotype  associating  with 
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each  mechanism,  we  visually  inspected  cell  cultures  for  morphologic 
features  of  senescence  and  measured  expression  of  |3.-Gal  by 
quantitative  reverse  transcription-PCR  (qRT-PCR)  and  by  staining 
at  pH  6  (SA-p.-Gal;  ref.  11). 

Primary  prostate  fibroblast  isolates  were  treated  with  1 
mmol/L  H2O2,  100  pg/mL  bleomycin,  or  grown  to  replicative 
senescence.  Morphologic  changes  previously  associated  with 
senescence,  including  cell  enlargement  and  flattening,  were 
clearly  apparent  (11,  13).  SA-|3.-Gal  staining  was  not  observed  in 
presenescent  cell  cultures  but  was  readily  visualized  following 
each  of  the  three  treatments  (data  not  shown).  To  provide  a 
more  quantitative  measure,  |3-Gal  and  SOD2  transcripts  were 
analyzed  by  qRT-PCR  before  and  after  treatments  and  compared 


relative  to  GAPDH  gene  expression.  |3.-Gal  expression  increased 
4.3-fold  after  ASH,  2.8-fold  after  ASB,  and  2.3-fold  in  RS,  relative 
to  low-passage  presenescent  cells  (Fig.  1).  To  ensure  that  these 
changes  were  due  to  senescence  and  not  growth  quiescence, 
PSC27  and  PSC31  fibroblast  isolates  were  cultured  to  confluence 
and  further  incubated  7  days  under  normal  culture  conditions. 
The  quiescent  PSC27  and  PSC31  did  not  exhibit  increases  in 
|3-Gal  mRNA  or  SA-|3-Gal  staining  compared  with  proliferating 
cells  (data  not  shown). 

The  transcriptional  program  of  prostate  fibroblast  senes¬ 
cence.  To  characterize  common  and  unique  features  of  the 
senescence  program  in  prostate  fibroblasts,  we  used  cDNA 
microarray  analysis  to  quantitate  transcript  abundance  levels 
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DESCRIPTION 

I  IGFBP5 

insulin-like  growth  factor  binding  protein  5 

I  GDF15 

growth  differentiation  factor  15 

C1R 

complement  component  1  r  subcomponent 

1  PAPPA 

pregnancy-associated  plasma  protein  A 

1  CCL11 

chemokine  (C-C  motif)  ligand  1 1 

I  C17 

cytokine-like  protein  Cl  7 

SERPING1 

serine  (or  cysteine)  proteinase  inhibitor  clade  G  member  1 

I  AREG 

amphiregulin  (schwannoma-derived  growth  factor) 

I  MMP2 

matrix  metalloproteinase  2 

I  FN1 

fibronectin  1 

I  TFPI2 

tissue  factor  pathway  inhibitor  2 

I  DLL1 

delta-like  1  (Drosophila) 

I  LAMA2 

laminin  alpha  2  (merosin  congenital  muscular  dystrophy) 

FBLN5 

Fibulin  5 

I  HFL1 

H  factor  (complement)-like  1 

I  TNFAIP6 

tumor  necrosis  factor  alpha-induced  protein  6 

I  MMP3 

matrix  metalloproteinase  3  (stromelysin  1  progelatinase) 

MN1 

meningioma  (disrupted  in  balanced  translocation)  1 

I  CXCL1 

chemokine  (C-X-C  motif)  ligand  1 

I  LUM 

Lumican 

MFAP4 

microfibrillar-associated  protein  4 

I  PF4 

platelet  factor  4  (chemokine  (C-X-C  motif)  ligand  4) 

I  CXCL12 

chemokine  (C-X-C  motif)  ligand  12 

TNFRSF11B 

tumor  necrosis  factor  receptor  superfamily  member  11b 

PSAP 

Prosaposin 

I  LAMA4 

laminin  alpha  4 

I  C4A 

complement  component  4A 

FGF7 

fibroblast  growth  factor  7  (keratinocyte  growth  factor) 

I  SLPI 

secretory  leukocyte  protease  inhibitor 

I  COL15A1 

collagen  type  XV  alpha  1 

IGFBP7 

Insulin-like  growth  factor  binding  protein  7 

LOX 

lysyl  oxidase 

I  CCL7 

chemokine  (C-C  motif)  ligand  7 

MATN2 

matrilin  2 

GPC6 

glypican  6 

I  COL6A1 

collagen  type  VI  alpha  1 

CCL2 

chemokine  (C-C  motif)  ligand  2 

TIMP1 

— 

Tissue  inhibitor  of  metalloproteinase  1 

STC2 

stanniocalcin  2 

I  ADFP 

adipose  differentiation-related  protein 

I  TIHF 

— 

Hepatocyte  growth  factor  (hepapoietin  A;  scatter  factor) 

I  F10 

coagulation  factor  X 

1  DNASE1L1 

Deoxyribonuclease  l-like  1 

I  IL13RA2 

interleukin  13  receptor  alpha  2 

COL1A2 

collagen  type  1  alpha  2 

I  SPON2 

Spondin  2  extracellular  matrix  protein 

I  ITGA1 

integrin  alpha  1 

I  APOD 

apolipoprotein  D 

CCL20 

Chemokine  (C-Cmotif)  ligand  20 

I  LAMA3 

laminin  alpha  3 

LGALS3 

lectin  galactoside-binding  soluble  3  (galectin  3) 

TNA 

tetranectin  (plasmino  genbinding  protein) 

I  QPCT 

glutaminyl-peptide  cyclotransferase  (glutaminyl  cyclase) 

I  TSRC1 

thrombospondin  repeat  containing  1 

CST3 

cystatin  C  (amyloid  angiopathy  and  cerebral  hemorrhage) 

FBLN2 

fibulin  2 

I  PLTP 

phospholipid  transfer  protein 

I  PROS1 

protein  S  (alpha) 

IGFBP2 

Insulin-like  growth  factor  binding  protein  2  36kDa 

I  LAMB1 

laminin  beta  1 

I  POSTN 

periostin  osteoblast  specific  factor 

CCL13 

chemokine  (C-C  motif)  ligand  13 

COL7A1 

collagen  type  VII  alpha  1 

I  MGP 

Matrix  Gla  protein 

I  TOB1 

transducer  of  ERBB2  1 

I  CST1 

Cystatin  SN 

OVGP1 

oviductal  glycoprotein  1  120kDa  (mucin  9  oviductin) 

I  LGALS3BP 

lectin  galactoside-binding  soluble  3  binding  protein 

NK4 

natural  killer  cell  transcript  4 

SCRG1 

scrapie  responsive  protein  1 

I  IGFBP6 

insulin-like  growth  factor  binding  protein  6 

Figure  2.  cDNA  microarray  analysis  of  gene  expression  changes  associated  with  prostate  fibroblast  senescence.  A,  three  primary  prostate  fibroblast  isolates  (PSC27, 
PSC31,  and  PSC36)  were  compared  between  presenescent  and  postsenescent  states  induced  by  three  different  mechanisms:  ASH,  ASB,  and  RS.  Hierarchical 
clustering  of  consistent  transcript  alterations  (false  discovery  rate  <1%)  across  cell  isolates  and  treatments.  B,  transcripts  encoding  extracellular  proteins  altered  by 
different  senescence  mechanisms  in  PSC27  fibroblast  cells.  Arrows,  transcript  alterations  verified  by  qRT-PCR. 


www.aacrjournals.org 


W 


Cancer  Res  2006;  66:  (2).  January  15,  2006 


Cancer  Research 


Table  1.  Verification  of  transcript  alterations  in  senescent  versus  presenescent  prostate  fibroblasts 

Gene  symbol 

Gene  description 

Fold-change:  microarray 

Fold-change:  qRT-PCR 

AREG 

Amphiregulin 

4.4 

3.4 

C17 

Cytokine-like  protein  C17 

5.3 

2.2 

CXCLl 

Chemokine  (C-X-C  motif)  ligand  1 

3.4 

8.2 

FGF7 

Fibroblast  growth  faetor  7 

2.8 

2.5 

HGF 

Hepatocyte  growth  factor 

2.5 

5.1 

IGFBP2 

Insulin-like  growth  factor  binding  protein  2 

3.4 

26 

IGFBP3 

Insulin-like  growth  factor  binding  protein  3 

4.6 

34 

IGFBP5 

Insulin-like  growth  factor  binding  protein  5 

14.1 

53 

IL-8 

Interleukin  8 

3.3 

22 

LAMBl 

Laminin  jll 

2.1 

9.6 
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between  presenescent  PSC27,  PSC31,  and  PSC36  fibroblasts  and 
parallel  cultures  induced  to  senesce  by  H2O2,  bleomycin,  or 
replicative  exhaustion.  A  one-sample  t  test  comparing  transcript 
abundance  levels  across  a  matrix  of  three  fibroblast  isolates 
and  three  senescence  mechanisms — a  total  of  nine  experiments — 
identified  1,073  clones  (representing  855  unique  genes,  714  of 
which  are  characterized)  with  significant  differential  expression 
results  across  the  nine  senescent  samples  compared  with 
presenescent  controls  (false  discovery  rate  <  1%).  The  consistency 
of  these  results  is  supported  by  direct  comparisons  of  the  three 
different  senescence  mechanisms  to  each  other  in  which  no  clones 
were  significantly  differentially  regulated  (<1%  false  discovery  rate). 
A  comparison  of  the  three  different  fibroblast  isolates  to  each  other 
at  steady  state  determined  that  436  clones  were  differentially 
expressed  (<1%  false  discovery  rate,  one-way  ANOVA).  Although 
the  expression  of  these  genes  differed  significantly  between  cell 
isolates,  upon  further  analysis,  it  was  determined  that  although 
measurable,  the  differences  were  due  to  relatively  small  magnitudes 
of  expression  between  the  fibroblast  isolates;  on  the  other  hand, 
the  direction  of  expression  changes  for  the  vast  majority  of  genes 
was  concordant  between  all  cell  lines  and  treatments. 

To  prioritize  genes  for  further  study,  we  first  sought  to  identify 
those  with  consistent  alterations  across  cell  lines  and  treatments, 
and  exhibited  magnitudes  of  increased  transcriptional  changes  that 
might  reasonably  be  measured  at  the  protein  level.  Of  the  cDNAs 
represented  on  the  Prostate  Expression  Database  microarrays, 
122  genes  with  significant  expression  changes  also  exhibited 
average  fold  changes  of  >2  in  senescent  versus  presenescent  cells 
(Fig.  2A).  Additional  profiling  experiments  using  a  larger  clone  set 
identified  588  additional  genes  with  statistically  significant  gene 
expression  alterations  of  > 2-fold  across  the  three  fibroblast  isolates 
folloAving  H2O2  treatment.  We  chose  to  focus  on  the  407  genes  Avith 
elevated  expression.  Of  these,  we  were  particularly  interested  in  the 
subset  of  71  genes  that  encode  extracellular  proteins  annotated  in 
the  Genome  Ontology  database  with  the  potential  to  influence 
adjacent  cells  via  paracrine  mechanisms  (Fig.  2B). 

The  identification  of  senescence-associated  alterations  in  genes 
with  documented  roles  as  paracrine  mediators  of  cell  proliferation 
prompted  further  studies  designed  to  confirm  the  microarray  results 
for  several  genes  in  this  functional  category.  We  used  quantitative 
RT-PCR  to  measure  the  senescence-associated  increase  of  tran¬ 
scripts  encoding  AREG,  cytokine-like  protein  C17  (C17),  chemokine 
C-X-C  motif-ligand  1  (CXCLl),  FGF7,  HGF,  insulin-like  growth  factor 


binding  protein  (IGFBP)  2,  IGFBP3,  IGFBP5,  interleukin  8  (IL-8), 
laminin  |31  (LAMBl),  matrix  metalloproteinase  2  (MMP2),  and  tissue 
inhibitor  of  matrix  metalloproteinase  1  (TIMPl).  The  mRNA 
abundance  in  senescent  (PSC27ASH)  and  presenescent  (PSC27N) 
cells  from  two  unrelated  experiments  were  normalized  against 
GAPDH  and  were  compared  (Table  1).  For  each  gene,  the 
senescence-associated  increase  in  expression  originally  measured 
by  microarray  hybridization  was  confirmed  by  qRT-PCR  in  a 
replicate  biological  experiment.  The  IGFBP  mRNAs  increased 
between  26-  and  53-fold  folloAving  senescence.  IL-8,  MMP2,  and 
TIMP2  increased  22-,  16-,  and  14-fold,  respectively. 

Evaluation  of  paracrine  mediators  of  neoplastic  epithelial 
cell  growth.  The  identification  of  senescence-induced  expression 
of  transcripts  encoding  fibroblast  proteins  with  the  potential  to 
influence  epithelial  proliferation  prompted  experiments  designed 
to  determine  if  senescent  prostate  fibroblasts  could  stimulate  the 
groAvth  of  immortalized  prostate  epithelial  cells  when  in  close 
proximity.  Primary  prostate  fibroblasts  induced  to  senesce  with 
H2O2,  bleomycin,  or  replicative  exhaustion  were  each  cocultured 
with  BPH1-GFP2  cells  for  72  hours.  To  ensure  that  the  coculture 
conditions  of  BPHl  with  nonproliferating  senescent  fibroblasts 
were  similar  to  that  of  untreated  proliferation-competent  fibro¬ 
blasts,  enough  fibroblasts  were  used  to  form  a  confluent  laAvn 
immediately  upon  seeding  without  proliferation.  PSC27ASH  or 
PSC27ASB  senescent  fibroblasts  stimulated  the  proliferation  of  the 
BPH1-GFP2  epithelial  cells  ~  2.9-fold  each  relative  to  coculture 
with  untreated  PSC27N  cells  {P  <  0.001  and  P  <  0.001,  respectively; 
Fig.  3A  and  C).  Senescent  fibroblasts  comprising  30%  of  the  entire 
fibroblast  population  was  sufficient  to  exert  measurable  effects  on 
epithelial  cell  proliferation  (Fig.  3C).  PSC27RS  senescent  fibroblasts 
also  stimulated  epithelial  cell  proliferation  although  to  a  lesser 
extent  (1.5-fold;  P  <  0.001;  Fig.  3^).  The  stimulating  effect  of 
senescent  fibroblasts  was  corroborated  by  the  finding  that 
PSC27ASH  also  stimulated  the  proliferation  of  the  highly  meta¬ 
static  M12-GFP  epithelial  cells  ~  1.3-fold  relative  to  coculture  Avith 
untreated  PSC27N  cells  {P  =  0.02;  Fig.  W). 

We  next  sought  to  determine  if  the  influence  of  senescent  prostate 
fibroblasts  on  epithelial  groAvth  resulted  from  soluble  factors.  We 
generated  conditioned  medium  from  presenescent  PSC27N  cells  and 
senescent  PSC27ASH,  PSC27RS  cells,  and  measured  BPH1-GFP2  cell 
numbers  after  groAvth  for  3  days  in  the  different  conditioned 
medium.  The  proliferation  of  BPH1-GFP2  cells  was  stimulated  1.8- 
fold  {P  =  0.004)  and  1.6-fold  {P  =  0.007)  Avith  medium  from  PSC27ASB 
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and  PSC27RS,  respectively,  when  compared  with  medium  condi¬ 
tioned  with  PSC27N  cells  (Fig.  44).  Consistent  with  these  findings, 
conditioned  medium  from  the  senescent  PSC27ASH  stimulated  the 
growth  of  tumorigenic  DU145  and  PCS  cells  1.2-fold  {P  <  0.001) 
relative  to  conditioned  medium  from  presenescent  PSC27N 
fibroblasts  (Fig.  4B).  These  results  suggest  that  a  significant 
component  of  the  senescent  fibroblast  proliferative  influence  toward 
epithelium  is  mediated  through  soluble  factors. 

Identification  of  AREG  as  a  senescence-associated  factor 
modulating  the  proliferation  of  neoplastic  prostate  epithelium. 
To  confirm  that  senescence-associated  transcript  alterations 
produced  corresponding  changes  in  extracellular  protein  levels, 
we  evaluated  conditioned  medium  obtained  from  senescent 
PSC27  fibroblasts  for  the  presence  of  FGF7,  HGF,  and  AREG  by 
Western  blot  analysis  (Fig.  5A).  The  FGF7  antibody  detected  a 
strongly  reactive  protein  with  a  molecular  mass  of  ~  25  kDa  and 
a  weakly  reactive  protein  of  molecular  mass  75  kDa.  Higher 
amounts  of  the  25  kDa  protein  were  measurable  in  medium 
conditioned  by  senescent  prostate  fibroblasts  compared  with 
presenescent  cells,  whereas  the  75  kDa  protein  was  not 
appreciably  altered.  A  28  kDa  form  of  FGF7  has  previously  been 
detected  in  medium  conditioned  by  human  embryonic  lung 
fibroblasts  (27).  Western  analysis  of  conditioned  culture  medium 
with  an  antibody  recognizing  HGF  detected  several  proteins  with 
apparent  molecular  masses  of  ~  53,  35,  and  30  kDa,  and  a  faintly 


visualized  protein  with  an  apparent  molecular  mass  of  —75  kDa. 
The  weakly  staining  high  molecular  mass  band  is  consistent 
with  the  intact  precursor  pro-HGF  protein,  whereas  the  lower 
molecular  mass  bands  correspond  to  the  heavy  and  light  chains 
(28).  Significantly  higher  amounts  of  all  four  proteins  were 
detected  in  medium  conditioned  by  senescent  prostate  fibroblasts 
cells  compared  with  presenescent  cells. 

The  AREG  antibody  detected  a  protein  in  fibroblast-conditioned 
medium  with  an  apparent  molecular  mass  of  —  58  kDa. 
Considerably  greater  amounts  of  the  protein  were  detected  in 
medium  conditioned  by  senescent  fibroblasts  compared  with 
presenescent  cells  (Fig.  5A).  Although  the  predicted  molecular 
mass  of  AREG  is  ~  20  kDa,  size  ranges  of  60,  55,  28,  18,  and  10  kDa 
have  been  found  in  medium  conditioned  by  the  human  breast 
cancer  cell  line  MCF-7  due  to  glycosylation  (29).  AREG  sizes  of  51 
and  27  kDa  have  been  measured  in  microsomal  preparations  from 
sheep  mammary  glands  (30).  To  verify  antibody  specificity,  we  ran 
0.1  pg  of  recombinant  AREG  and  measured  a  predominant  band  at 
—  60  kDa  and  a  faint  band  at  —  20  kDa  (Fig.  5A).  A  Western  blot 
run  with  0.02  pg  AREG  resulted  in  a  shift  of  the  predominant  band 
to  —  20  kDa.  Repeating  the  Western  analysis  with  a  second  AREG- 
specific  antibody  produced  similar  results  (data  not  shown). 

AREG  has  been  shown  to  be  expressed  in  prostate  interstitial 
smooth  muscle  cells  and  to  stimulate  the  proliferation  of  primary 
benign  prostate  epithelium  (31).  AREG  expression  has  also  been 


Figure  3.  Stimulation  of  prostate  epithelial  cell  proliferation  by 
coculture  with  senescent  prostate  fibroblasts.  A,  BPH-1 
immortalized  prostate  epithelial  cell  quantitation  following  coculture 
with  presenescent  {PSC27-N)  or  prostate  fibroblasts  induced  to 
senescence  with  bleomycin  treatment  {PSC27-ASB)  for 
72  hours.  B,  BPH-1  immortalized  prostate  epithelial  cell 
quantitation  following  coculture  with  presenescent  or  prostate 
fibroblasts  at  replicative  exhaustion  {PSC27-RS)  for  72  hours. 

C,  BPH-1  epithelial  cell  quantitation  after  72  hours  of  coculture  with 
various  ratios  of  presenescent  (A/F)  or  H202-induced  senescent 
fibroblasts  {ASH).  D,  M12-GFP  immortalized  prostate  epithelial 
cell  quantitation  following  coculture  with  presenescent  or 
prostate  fibroblasts  induced  to  senescence  with  H2O2  treatment 
{PSC27ASH)  for  72  hours. 
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shown  to  be  up-regulated  in  prostate  cancers  with  altered 
subcellular  localization  patterns  (32).  To  determine  if  AREG 
contributed  to  a  component  of  the  proliferative  effect  of  sene¬ 
scent  prostate  fibroblasts  toward  prostate  epithelium,  we  added 
recombinant  AREG  to  BPH1-GFP2  cells  for  72  hours  and 
quantitated  cell  numbers.  AREG  concentrations  of  1  x  10“^ 
mol/L  stimulated  the  proliferation  of  BPH1-GFP2  cells  2.4-fold 
relative  to  cells  grown  in  the  absence  of  AREG  {P  <  0.01;  Fig.  5^). 
Senescent  fibroblast  conditioned  medium  treated  Avith  anti-AREG- 
neutralizing  antibodies  lost  a  small  but  significant  component  of 
the  groAvth-promoting  effects  relative  to  complete  conditioned 
medium  {P  =  0.002;  Fig.  5C).  To  corroborate  these  findings,  we 
treated  fibroblasts  with  AREG  or  control  RNA  interference  (RNAi). 
The  senescence-induced  expression  of  AREG  was  not  noticeably 
affected  by  control  RNAi  but  was  reduced  46-fold  by  AREG  RNAi 
(Fig.  5D).  Conditioned  medium  from  senescent  fibroblasts  treated 
with  AREG-specific  siRNA  lost  a  small  but  significant  component 
of  the  growth-promoting  effects  {P  =  0.04;  Fig.  5E).  These  results 
suggest  that  multiple  paracrine-acting  factors  secreted  or 
liberated  from  senescent  prostate  fibroblasts  contribute  to 
epithelial  growth  stimulation. 


Discussion 

The  “host”  microenvironment  is  increasingly  viewed  as  an 
important  active  contributor  to  tumor  growth  and  tumor 
suppression.  The  somatic  mutation  theory  of  cancer  postulates 
that  carcinomas  result  from  a  single  somatic  cell  that  accumulates 
multiple  DNA  mutations  or  chromosomal  alterations  over  time: 
genotypic  changes  result  in  phenotypes  of  uncontrolled  growth 
(33).  This  concept  explains  many  aspects  of  tumorigenesis  but 
other  important  observations  indicate  that  additional  influences 
must  be  operative.  For  example,  embryos  transplanted  into  ectopic 
sites  (e.g.,  peritoneal  cavity)  can  behave  like  malignant  neoplasms 
(e.g.,  teratocarcinomas).  Conversely,  embryonal  carcinoma  cells 
injected  into  murine  blastocycts  contribute  to  normal  tissues  and 
organs  in  cancer-free  adult  mice  (34).  Thus,  the  microenvironment 
provided  by  the  stroma  can  be  a  powerful  suppressor — or 
promoter— of  malignant  phenotypes  caused  by  oncogenic  muta¬ 
tions.  This  is  true  both  during  embryogenesis  and  in  adult  tissues 
(reviewed  in  ref.  35). 

The  importance  of  cellular  context  as  a  contributor  to 
carcinogenesis  has  led  to  alternative  explanations  for  the 
development  and  progression  of  epithelial  malignancies.  One 
hypothesis,  designated  the  Tissue  Organization  and  Field  Theory 
(reviewed  in  ref.  36),  builds  on  an  extensive  body  of  work  in 
embryology  involving  morphogenetic  fields  of  cellular  interactions 
that  collectively  dictate  cellular  differentiation  and  tissue  organi¬ 
zation  through  cellular  contacts  and  diffusible  gradients  of 
morphogens  (37-39).  In  agreement  Avith  the  Tissue  Organization 
and  Field  Theory  are  observations  that  tumors  exhibit  striking 
similarities  to  “wounds  that  do  not  heal”  (40).  The  “reactive” 
stroma  surrounding  carcinomas  display  morphologic  and  bio¬ 
chemical  characteristics  akin  to  changes  associated  Avith  wound 
healing:  fibroblast  and  epithelial  proliferation,  cell  migration, 
recruitment  of  inflammatory  cells,  and  angiogenesis.  Recent 
studies  using  microarray-based  expression  profiling  have  shoAvn 
striking  similarities  between  signatures  of  fibroblast  serum 
response  and  human  tumors  (41).  Whereas  the  concept  of  a 
wound-associated  or  reactive  stroma  implies  that  the  microenvi¬ 
ronment  is  altered  in  response  to  an  extrinsic  (e.g.,  epithelial)  event. 


A 

I  NM 

I  CM- ns 

I  CM- ASH 


DUU5iP£C27N  Media 
|~  DU145-^PSC27ASH  Media 
m  PC3-^PSC27^J  Media 
I  PC3-^PSC27ASH  Media 


Figure  4.  Stimulation  of  neoplastic  prostate  epithelial  cell  proliferation  by 
conditioned  medium  from  senescent  prostate  fibroblasts.  A,  quantitation  of 
BPH-1  prostate  epithelial  cell  proliferation  after  72  hours  of  culture  in  normal 
medium  (A/M),  medium  conditioned  by  prostate  fibroblasts  at  replicative 
exhaustion  {CM-RS),  or  prostate  fibroblasts  induced  to  senescence  with  H2O2 
[CM-ASH).  B,  quantitation  of  DU145  and  PCS  prostate  epithelial  cell  proliferation 
after  72  hours  of  culture  in  medium  conditioned  by  normal  prostate  fibroblasts 
(N),  or  prostate  fibroblasts  induced  to  senescence  with  H2O2  {ASH). 


it  is  also  plausible  that  intrinsic  stromal  alterations  are  operative  as 
primary  or  permissive  events  alloAving  for,  or  magnifying,  a  reactive 
phenotype.  Studies  of  the  tumor-promoting  effects  of  senescent 
fibroblasts  on  breast  carcinogenesis  and  the  findings  reported  here 
suggest  that  age-dependent  stromal  processes  operate  as  a  tissue¬ 
modifying  field  effect. 

The  substantial  number  of  reproducible  molecular  changes 
identified  in  this  study  that  associate  Avith  prostate  fibroblast 
senescence  includes  a  host  of  extracellular  proteins  Avith  well- 
described  capabilities  for  influencing  the  groAvth  or  survival  of 
cells  in  the  locoregional  environment.  Paracrine-acting  proteins 
identified  in  our  study  included  HGF/scatter  factor,  a  protein 
originally  identified  as  a  fibroblast-derived  epithelial  cell  motility 
factor  and  a  potent  mitogen  of  hepatocytes  (42).  HGF  has  been 
shoAvn  to  disrupt  epithelial  cell  morphogenesis,  regulate  the 
breakdoAvn  of  cell-to-cell  junctions,  and  stimulate  the  migration 
and  invasion  of  single  cells  (43,  44).  HGF  expression  has  been 
shoAvn  to  increase  in  skin  fibroblasts  from  old  individuals  and  in 
response  to  IGFs  that  increase  with  aging  (45,  46).  HGF  can 
coactivate  androgen  receptor  signaling,  leading  to  androgen- 
independent  prostate  cancer  groAvth  (47,  48).  The  important 
influence  of  stroma  and  HGF  on  the  development  of  neoplastic 
groAvth  was  recently  shoAvn  in  experiments  analyzing  mice  Avith 


Cancer  Res  2006;  66:  (2).  January  15,  2006 


www.aacrjournals.org 


Influence  of  Senescent  Fibroblasts  on  Epithelial  Cell  Growth 


Figure  5.  Senescence-associated  AREG-mediated  proliferation 
of  immortalized  prostate  epithelium.  A,  Western  analysis  for 
quantitation  of  FGF7,  HGF,  and  AREG  in  conditioned  medium 
from  presenescent  fibroblasts  or  fibroblasts  induced  to  senesce 
with  H2O2.  The  FGF7  antibody  detected  a  strongly  reactive  protein 
with  a  molecular  mass  of  ~  25  kDa  and  a  weakly  reactive 
protein  of  molecular  mass  75  kDa.  A  28  kDa  form  of  FGF7  has 
previously  been  identified  in  medium  conditioned  by  human 
embryonic  lung  fibroblasts.  The  HGF-reactive  antibody  detected 
several  proteins  with  apparent  molecular  masses  of  ~53,  35, 
and  30  kDa,  and  a  faintly  visualized  protein  with  an  apparent 
molecular  mass  of  ~75  kDa.  The  weakly  staining  high  molecular 
mass  band  is  consistent  with  the  intact  precursor  pro-HGF 
protein,  whereas  the  lower  molecular  mass  bands  correspond  to 
the  heavy  and  light  chains.  The  AREG-reactive  antibody 
detected  a  predominant  protein  of  ~  58  kDa.  AREG  forms  of  this 
size  have  been  identified  in  conditioned  medium  from  epithelial 
cells  due  to  glycosylation.  AREG-0.1  and  AREG-0.02, 
control  recombinant  AREG  protein  at  0.1  and  0.02  |.ig.  Highly 
concentrated  AREG  has  been  reported  to  aggregate 
(information  provided  by  manufacturer).  Arrows,  AREG 
reactivity  at  ~58  and  ~20  kDa.  B,  quantitation  of  BPH-1  epithelial 
cells  following  treatment  with  varying  concentrations  of 
recombinant  AREG.  C,  quantitation  of  BPH-1  prostate  epithelial 
cell  growth  when  treated  with  conditioned  medium  from 
presenescent  fibroblasts  {Control),  conditioned  medium  from 
fibroblasts  induced  to  senesce  with  H2O2  {CM-ASH),  or  CM-ASH 
with  the  addition  of  neutralizing  antibody  to  AREG  {CM-ASH  + 
anti-AREG).  D,  quantitation  of  AREG  transcripts  in  control  RNAi 
{GL2)  and  AREG  RNAi  (Af?EG/)-treated  normal  {PSC27N)  and 
senescent  {PSC27ASH)  fibroblasts  determined  by  qRT-PCR. 

E,  quantitation  of  BPH-1  prostate  epithelial  cell  growth  when 
treated  with  conditioned  medium  from  fibroblasts  induced  to 
senesce  with  H2O2  and  treated  with  AREG  RNAi  or  GL2  RNAi. 
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targeted  deletions  of  the  TGF-p.  type  II  receptor  specifically  in 
fibroblasts.  These  mice  developed  invasive  gastric  cancers  and 
prostate  intraepithelial  neoplasia  through  a  mechanism  involving 
stromally  derived  HGF  (10). 

Other  senescence-induced  mitogenic  factors  identified  in  this 
study  include  FGF7/KGF,  IGFBPs,  and  AREG.  AREG  is  a  heparin¬ 
binding  member  of  the  epidermal  growth  factor  family  that 
influences  the  survival,  growth,  or  progression  of  multiple  human 
cancers,  including  myeloma  (49),  breast  (50),  lung  (51),  pancreas 
(52),  and  prostate  (31,  32).  AREG  has  been  shown  to  function  as  a 
survival  factor,  protecting  hepatocytes  from  Fas-mediated  liver 
injury,  and  cooperating  with  IGF-1  to  inhibit  apoptosis  of  lung 
carcinoma  cells  through  phosphorylation  of  Bad  (51).  In  the 
context  of  prostate  carcinogenesis,  AREG  mediates  androgen- 
stimulated  cell  proliferation  in  the  LNCaP  prostate  cancer  cell  line, 
suggesting  the  presence  of  an  androgen-regulated  autocrine  loop 
involving  the  epidermal  growth  factor  receptor  and  AREG.  The 
important  role  for  AREG  in  mediating  the  survival  of  prostate 
cancer  cells  to  castration  was  recently  shown  through  studies 
reporting  a  5-fold  increase  in  tumor  AREG  protein  expression 
following  androgen  depletion  (53).  Blockade  of  the  HERl  tyrosine 


kinase  receptor  in  conjunction  with  castration  significantly 
increased  tumor  involution  compared  with  castration  alone. 

In  summary,  the  molecular  signature  of  prostate  fibroblast 
senescence  includes  a  cohort  of  factors  capable  of  influencing  the 
survival  and  proliferation  of  adjacent  prostate  epithelium.  The  local 
production  of  these  mitogens  and  prosurvival  factors  could  exert 
important  affects  on  preneoplastic  lesions  originally  instigated  by 
predisposing  genetic  variables,  carcinogens,  or  chronic  inflamma¬ 
tion  (54).  Further,  these  findings  suggest  an  explanation  for  the 
paradoxical  age-associated  increases  in  hormonally  driven  pros¬ 
tatic  diseases,  such  as  cancer  and  benign  hyperplasia  in  the  setting 
of  age-associated  declines  in  testosterone,  whereby  increases  in 
mitogens  from  the  aged  stroma  substitute  for  androgen  loss. 
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Abstract  The  insulin-like  growth  factor  type  I  receptor  (IGF-IR)  has  been  suggested  to  play  an  important  role  in 
prostate  cancer  progression  and  possibly  in  the  progression  to  androgen-independent  (Al)  disease.  The  term  Al  may  not  be 
entirely  correct,  in  that  recent  data  suggest  that  expression  of  androgen  receptor  (AR)  and  androgen-regulated  genes  is  the 
primary  association  with  prostate  cancer  progression  after  hormone  ablation.  Therefore,  signaling  through  other  growth 
factors  has  been  thought  to  play  a  role  in  AR-mediated  prostate  cancer  progression  to  Al  disease  in  the  absence  of  androgen 
ligand.  However,  existing  data  on  how  IGF-IR  signaling  interacts  with  AR  activation  in  prostate  cancer  are  conflicting.  In 
this  Prospect  article,  we  review  some  of  the  published  data  on  the  mechanisms  of  IGF-IR/AR  interaction  and  present  new 
evidence  that  IGF-IR  signaling  may  modulate  AR  compartmentation  and  thus  alter  AR  activity  in  prostate  cancer  cells. 
Inhibition  of  IGF-IR  signaling  can  result  in  cytoplasmic  AR  retention  and  a  significant  change  in  androgen-regulated  gene 
expression.  Translocation  of  AR  from  the  cytoplasm  to  the  nucleus  may  be  associated  with  IGF-induced  depho¬ 
sphorylation.  Since  fully  humanized  antibodies  targeting  the  IGF-IR  are  now  in  clinical  trials,  the  current  review  is 
intended  to  reveal  the  mechanisms  of  potential  therapeutic  effects  of  these  antibodies  on  Al  prostate  cancers.  J.  Gell. 
Biochem.  99:  392—401 , 2006.  ©  2006  Wiley-Liss,  Inc. 

Key  words:  insulin-like  growth  factor  type  I  receptor  (IGF-IR);  androgen  receptor  (AR);  androgen-independent  (Al) 
prostate  cancer;  AR  co-regulators 


In  the  presence  or  possibly  absence  of  andro¬ 
gen  ligand,  the  androgen  receptor  (AR)  translo¬ 
cates  from  the  cytosol  to  the  nucleus  and 
functions  as  a  transcriptional  factor,  which 
may  be  necessary  or  even  crucial  for  the 
progression  of  prostate  cancer  [Scher  and 
Sawyers,  2005].  Classically,  in  the  absence  of 
androgen  ligand,  AR  remains  in  the  cytosol  and 
is  not  active.  Thus,  it  is  of  particular  interest 
that  malignant  prostate  cancer  progression 
occurs  frequently  in  men  who  have  been 
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surgically  or  chemically  castrated.  The  progres¬ 
sion  of  prostate  cancer  after  castration  has  been 
termed  androgen-independent  (Al)  prostate 
cancer.  More  interestingly,  animal  studies 
showed  that  when  the  expression  of  AR  was 
disrupted,  prostate  cancer  ceased  to  progress 
[Taplin  and  Balk,  2004].  All  these  together 
posed  a  conundrum  if  the  AR,  rather  than  the 
androgen  ligand,  is  a  driving  force  in  prostate 
cancer  progression.  If  so,  it  would  suggest 
that  the  AR  is  functioning  in  a  non-classical 
manner  in  the  absence  of  steroid  ligand. 
Although  non-genomic  mechanisms  for  AR 
function  have  been  proposed  through  an  inter¬ 
action  with  SRC-Raf-Ras-Map  kinase  in  the 
cytosol  rather  than  the  nucleus,  this  “tradi- 
tionaf’  non-genomic  mechanism  also  requires 
the  presence  of  androgen  ligand  and  would  not 
explain  progression  of  disease  in  a  ligand- 
independent  manner  [Kousteni  et  al.,  2001; 
Pandini  et  al.,  2005]. 

The  concept  of  AR  functioning  in  Al  progres¬ 
sion  was  first  proposed  by  Mohler  and  colleages 
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[Gregory  et  al.,  1998;  Mohler  et  si.,  2004].  In 
relevant  studies,  tumor  biopsies  were  taken 
from  prostate  cancer  patients  who  had  been 
androgen  ablated  and  presented  with  progres¬ 
sion  of  the  cancer  [Gregory  et  ah,  1998;  Mohler 
et  ah,  2004]  In  these  samples,  the  AR  primarily 
resided  in  a  nuclear  location,  contrary  to  what 
had  been  expected  in  a  castrated  environment. 
This  may  in  part  due  to  residual  levels  of 
androgen  in  the  prostate  tissue.  When  tissue 
levels  of  androgen,  testosterone,  and  dihydro¬ 
testosterone  (DHT),  were  measured,  although 
lower  than  in  non-castrated  men,  they  were  still 
detected  in  the  nanomolar  range  in  many  of  the 
castrated  men  [Titus  et  al.,  2005a].  This  subtle 
level  of  tissue  androgen  may  account  for  the 
nuclear  localization  of  the  AR  and  signal  to 
activate  an  AR  transcriptional  program.  The 
failure  of  castration  to  completely  abolish 
intraprostatic  androgens  has  also  been  evi¬ 
denced  in  the  study  where  normal  men  were 
placed  on  a  GnRH  antagonist  for  4  weeks  and  in 
whom  serum  levels  of  testosterone  (T)  and  DHT 
were  clearly  in  the  castrate  range  (Page  and 
Bremner,  personal  communication).  The  source 
of  the  androgens  in  these  castrate  men  has  yet  to 
be  determined;  however,  the  most  likely  source 
would  be  conversion  from  adrenal  androgens. 
The  prostate  has  active  5a-reductase  systems 
for  both  isoforms  I  and  II  ensuring  that 
circulating  T  can  be  readily  converted  to  DHT 
in  the  prostate  [Titus  et  al.,  2005b].  In  addition, 
recent  microarray  data  has  shown  that  the 
prostate  contains  mRNAs  for  the  enzymes 
necessary  for  the  conversion  of  cholesterol 
precursor  into  DHT;  however  this  conversion 
has  not  been  demonstrated  in  the  prostate. 
Anti-androgen  drugs,  such  as  biclutamide,  have 
not  been  shown  to  alter  the  translocation  of  the 
AR  to  the  nucleus  in  prostate  specimens  from 
men  treated  with  combined  androgen  blockade 
[Mohler  et  al.,  2004].  Therefore,  it  is  not  clear 
whether  it  is  the  low  levels  of  androgens  driving 
prostate  cancer  progression  in  castrated  men. 
Until  a  total  androgen  ablation  mechanism  in 
men  is  developed,  the  importance  of  residual 
androgens  in  tumor  progression  cannot  be 
determined. 

Castration  studies  on  prostate  cancer  xeno¬ 
graft  and  transgenic  mouse  models  support  the 
speculation  that  residual  androgen  production 
following  castration  is  only  the  partial  driving 
force  for  tumor  progression.  Since  mice  do  not 
produce  adrenal  androgens  to  any  significant 


degree,  castration  in  a  mouse  results  in  “com¬ 
plete  androgen  ablation”  [Van  Weerden  et  al., 
1992].  In  these  models,  tumors  progress  from 
androgen-dependent  (AD)  to  Al  following  cas¬ 
tration  in  spite  of  the  fact  that  prostate  specific 
androgen  levels  decrease  to  nearly  undetectable 
levels,  suggesting  that  residual  androgens  are 
unlikely  to  play  a  part  in  post-castration  tumor 
progression  [Thalmann  et  al.,  2000;  Corey  et  al., 
2003].  We  and  others  have  shown  that,  in  these 
models,  the  majority  of  tumor  nuclei  still 
contain  AR  after  castration  although  some  of 
the  AR  moves  from  the  nucleus  to  the  cytoplasm 
(Fig.  1).  Furthermore,  androgen-regulated 
genes  continue  to  be  expressed  in  “Al”  disease 
[Corey  et  al.,  2003].  Together,  these  data 
suggest  that  other  mechanisms  beyond  the 
traditional  ligand-receptor  interaction  of  AR 
signaling  are  responsible  for  AD  to  Al  prostate 
cancer  progression. 

Alterations  in  co-regulators  of  the  AR,  which 
may  enhance  ligand-independent  AR  transloca¬ 
tion  to  the  nucleus  and  binding  to  DNA,  have 
been  suggested  as  one  of  the  mechanisms  for 
ligand-independent  AR  signaling  [Gregory 
et  al.,  1998;  Fujimoto  et  al.,  1999;  Kang  et  al., 
1999;  Sadar,  1999;  Sadar  and  Gleave,  2000; 
Mohler  et  al.,  2004].  It  has  been  suggested  that 
some  peptide  growth  factors  can  act  directly  at 
the  androgen-binding  domain  of  the  AR  or 
indirectly  through  modifying  the  phosphoryla- 


Fig.  1.  IGF-IR  signaling-induced  translocation  of  AR  into  the 
nucleus  in  xenograft  human  prostate  tumors,  a:  AR  compart- 
mentalization  inthenucleusin  intact  animals,  b:  Blocking  IGF-IR 
signaling  with  antibody  Al  2  caused  cytoplasmic  retention  of  AR 
in  intact  animals,  c:  AR  in  the  nucleus  in  castrated  animals, 
d:  A12  induced  marked  AR  retention  in  the  plasma  in  castrated 
animals. 
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tion  status  of  the  AR  or  its  co-regulators  to 
initiate  AR  signaling  [Culig  et  al.,  1994,  1995; 
Sadar,  1999;  Sadar  and  Gleave,  2000;  Lin  et  al., 
2001].  In  this  “Prospectus’’  we  examined  the 
interactions  between  AR  function  and  the 
activation  of  type  1  insulin-like  growth  factor 
receptor  (IGF-IR).  Among  peptide  growth  fac¬ 
tor-induced  cell  signaling,  IGF  activated  IGF- 
IR  signaling  is  a  potential  driving  force  for  the 
growth  of  Al  prostate  cancer  for  several  reasons 
as  listed  in  Table  I.  In  the  following  sections,  we 
will  examine  the  evidence  for  each  of  these 
components  of  potential  interaction  between 
the  IGF-IR  and  AR. 

IGF-IR  IS  NECESSARY  FOR  CELL 
TRANSFORMATION 

Fibroblasts  from  IGF-IR  knock  out  mice  R“  do 
not  transform  spontaneously  when  compared 
to  R^^  control  cells.  When  the  IGF-IR  is  re¬ 
expressed  in  these  fibroblasts,  transformation 
takes  place.  In  SV40T  immortalized  prostate 
epithelial  cells,  inhibition  of  IGF-IR  expression 
with  an  antisense  construct  significantly 
decreases  colony  formation  in  soft  agar,  a 
marker  of  transformation.  In  studies  when 
growth  hormone  and  IGF  deficient  LID  mice 
were  crossed  with  the  transgenic  prostate 
cancer  (TRAMP)  mouse,  tumor  development 
was  significantly  delayed  Majeed  et  al.,  2005). 
All  these  studies  suggest  an  essential  role  of 
IGF-IR  in  cellular  transformation.  Kongo  et  al. 
[1998]  have  identified  specific  tyrosine  residues 
on  the  (3-subunit  of  the  IGF-IR  that  are  crucial 

TABLE  I.  Evidence  for  Interaction  of  the 
IGF-IR  and  AR  in  Prostate  Cancer 

1.  The  IGF-IR  is  necessary  for  cell  transformation 

2.  Clinical  data,  although  somewhat  controversial  suggests 

that  higher  levels  of  IGF-I  in  the  serum  of  men  predicts 
men  at  risk  for  developing  clinical  prostate  cancer 

3.  Androgens  increase  IGF-IR  levels  in  prostate  epithelial 

cells 

4.  IGF-IR  signaling  alters  AR  phosphorylation 

5.  IGF-IR  signaling  alters  the  AR  transcriptional  profile 

6.  IGF-IR  signaling  effects  translocation  of  the  AR  to  the 

nucleus 

7.  IGF-IR  ligands  increase  in  the  progression  of  prostate 

cancer  and  are  particularly  abundant  in  bone  where 
prostate  cancer  metastases  are  most  abundant 

8.  Xenograft  models  of  prostate  cancer  respond  differently 

to  IGF-IR  inhibition  depending  on  the  presence  or 
absence  of  androgens 

9.  IGF  binding  proteins  (IGFBP)  that  enhance  signaling  of 

IGF  ligands  through  the  IGF-IR  are  increased  in  the 
period  immediately  after  castration 

10.  Inhibition  of  the  IGF-IR  in  conjunction  with  castration 

11.  Transcription  factors  that  stimulate  the  IGF-IR 

promoter  are  also  regulated  by  androgens 


for  the  transforming  actions  of  the  IGF-IR 
[O’connor  et  al.,  1997;  Liu  et  al.,  1998]. 

Since  prostate  cancer  rarely  develops  in  the 
absence  of  androgens,  it  is  suspected  that 
androgens  are  at  least  permissive  in  the 
transformation  process  of  prostate  epithelial 
cells.  However,  it  should  be  noted  that  expres¬ 
sion  of  the  AR  is  necessary  for  normal  luminal 
prostate  epithelium  to  develop.  It  is  suggested 
that  maintaining  certain  levels  of  IGF-IR 
expression  in  the  prostate  may  be  necessary 
in  normal  prostate  differentiation,  increased 
levels  of  IGF-IR  expression  may  be  required  for 
the  prostate  epithelia  transformation  process, 
and  decreased  IGF-IR  expression  may  be 
required  for  prostate  cancer  malignant  progres¬ 
sion.  This  is  consistent  with  the  clinical  findings 
that  the  levels  of  IGF-IR  decrease  following  the 
initial  transformation  of  the  epithelium  [Ten¬ 
nant  et  al.,  1996].  This  concept  has  been 
corroborated  by  the  decrease  in  tumor  metas¬ 
tases  and  increase  in  apoptosis  associated  with 
the  re-expression  IGF-IR  in  prostate  cancer 
xenograft  cell  lines  [Plymate  et  al.,  1997a,b]. 

It  should  be  pointed  out  that  not  all  studies 
have  shown  an  increase  in  IGF-IR  expression 
during  early  prostate  epithelia  transformation 
or  a  decrease  in  IGF-IR  expression  in  the 
progression  to  malignant  prostate  epithelia 
[Hellawell  et  al.,  2002].  This  may  due  to 
discrepancies  in  the  choice  of  antibodies  or 
technique  in  immunohistochemistry  studies. 
The  IGF-IR  is  a  tyrosine  kinase  receptor  that 
is  only  activated  when  located  on  the  cell 
surface;  although  rapidly  internalized  upon 
activation,  it  is  also  rapidly  processed  through 
the  golgi  to  be  re-expressed  on  the  cell  surface. 

CLINICAL  DATA  SUGGESTS  THAT  MEN  IN 

THE  HIGHER  QUARTILES  OF  SERUM  IGF-I 
LEVELS  ARE  AT  A  GREATER  RISK  FOR 
DEVELOPING  PROSTATE  CANCER 

Large  scale  epidemiologic  studies,  such  as  the 
Physician’s  Health  Study,  have  suggested  that 
men  with  higher  serum  levels  of  IGF-1  as  well  as 
androgens  may  be  at  increased  risk  of  develop¬ 
ing  prostate  cancer  in  the  following  6-9  years 
[Chan  et  al.,  1998;  Poliak,  2000;  Poliak  et  al., 
2004].  Also,  in  these  studies  serum  levels  of 
IGFBP-3  were  inversely  correlated  with  the  risk 
of  developing  prostate  cancer  [Chan  et  al., 
1998].  Of  further  note,  the  risk  of  cancer 
developing  was  more  attributable  to  serum 
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IGF-I  or  IGFBP-3  than  to  serum  testosterone. 
However,  other  studies  have  not  shown  an 
association  of  risk  for  prostate  cancer  with 
serum  levels  of  IGF-I  [Harman  et  ah,  2000; 
Chen  et  ah,  2005].  One  should  be  aware  that  the 
risk  of  developing  prostate  cancer  was  not  the 
primary  end  point  of  any  of  these  studies  nor  did 
the  results  of  the  epidemiologic  studies  indicate 
a  direct  link  between  the  IGF  system  and  the 
risk  of  cancer. 

ANDROGENS  INCREASE  IGF-IR  EXPRESSION 
IN  PROSTATE  EPITHELIAL  CELLS 

We  had  initially  detected  an  increase  in  IGF- 
IR  expression  at  protein  and  mRNA  levels  in 
androgen-responsive  prostate  epithelial  cell 
lines  [Plymate  et  ah,  2004].  This  observation 
was  subsequently  confirmed  by  other  investi¬ 
gators  [Pandini  et  ah,  2005].  The  mechanism  by 
which  androgens  increase  the  IGF-IR  expres¬ 
sion  has  been  a  topic  of  controversy.  Pandini 
et  al.  [2005]  have  shown  in  their  models  that  the 
increase  in  IGF-IR  protein  induced  by  andro¬ 
gens  does  not  require  nuclear  translocation  of 
the  AR  and  is  only  partially  blocked  by  bicluta- 
mide.  On  the  other  hand,  this  effect  of  AR  on 
IGF-IR  expression  was  completely  inhibited  by 
the  ERKl/2  inhibitor  PD980259  [Pandini  et  al., 
2005].  These  data  suggested  a  “non-genomic’’ 
effect  of  androgen.  This  group  further  confirmed 
their  findings  using  a  mutated  AR  that  will  not 
translocate  to  the  nucleus  and  demonstrated 
that  the  mutanted  AR  can  activate  the  cyto¬ 
plasmic  Src-Raf-Ras-Map  kinase  pathway 
and  enhance  the  transcriptional  activity  of 
IGF-IR  promoter  [Pandini  et  al.,  2005].  Other 
investigators  have  not  found  that  activation  of 
this  pathway  is  necessary  for  androgen-induced 
increases  in  IGF-IR  expression  [Plymate  et  al., 
2004].  Other  mechanisms  including  an  increase 
in  KFL6  (Kruppel  factor  like  6)  in  response  to 
androgens  have  been  suggested  from  the  study 
in  LnCaP  lines  (Levine-personal  communica¬ 
tion).  We  have  shown  that  KFL6  increases  IGF- 
IR  expression  by  binding  to  the  IGF-IR  promo¬ 
ter  [Rubinstein  et  al.,  2004].  We  have  also 
shown  in  prostate  cell  lines  that  androgens 
can  increase  IGF-IR  protein  expression  without 
an  increase  in  its  mRNA  expression  level, 
suggesting  a  post-transcriptional  modification 
of  IGF-IR  expression,  such  as  mRNA  stability 
[Plymate  et  al.,  2004].  Despite  the  existing 
controversials  on  the  mechanisms,  all  the 


studies  have  consistently  showed  that  andro¬ 
gens  signaling  through  the  AR  result  in 
increased  IGF-IR  protein  expression  in  prostate 
epithelium,  which  is  associated  with  increased 
phosphorylation  of  IGF-IR  and  increased  cell 
proliferation  in  response  to  IGF  ligands.  How¬ 
ever,  it  is  not  understood  whether  the  induction 
of  increased  IGF-IR  is  part  of  the  differentiation 
process  of  prostate  epithelium  or  part  of  the 
mechanism  for  tumor  progression.  Since  both 
IGF  and  androgens  are  necessary  for  epithelial 
differentiation,  induction  of  increase  in  IGF-IR 
expression  as  part  of  the  differentiating  func¬ 
tion  of  androgens  may  appear  reasonable.  On 
the  other  hand,  increasing  IGF-IR  expression 
would  be  a  mechanism  by  which  androgens 
could  enhance  transformation  and  progression 
of  prostate  cancer. 

IGF-IR  ACTIVATION  ALTERS  AR 
PHOSPHORYLATION 

One  mechanism  by  which  IGF-IR  signaling 
could  directly  affect  the  function  of  the  AR 
would  be  to  alter  AR  phosphorylation.  Studies 
by  Lin  et  al.  [2001]  first  suggested  a  role  of  IGF 
signaling  in  AR  function.  They  observed  that 
androgen  induced  apoptosis  in  AR  transiently 
transfected  DU-145  cells  and  treatment  with 
IGF-1  decreased  the  transcriptional  activity  of 
the  AR  and  inhibited  apoptosis.  We  subse¬ 
quently  found  that  the  effects  on  IGF-IR 
signaling  on  AR  activity  depended  on  whether 
the  cells  were  from  an  orthotopic  or  a  metastatic 
lesion  [Plymate  et  al.,  2004].  If  the  tumor  was  in 
the  orthotopic  site,  IGF-IR  activation  inhibited 
AR  transcription  under  a  probasin  promoter 
(AAR3)  [Plymate  et  al.,  2004].  In  contrast,  when 
the  tumor  was  in  the  metastatic  site,  IGF-IR 
activation  enhanced  AR  transcriptional  activity 
on  the  AAR3  promoter.  Interestingly,  the  effect 
of  IGF-IR  activation  on  the  AR  transcriptional 
activity  in  both  primary  and  metastatic  tumors 
appears  to  be  mediated  through  the  PI3K/AKT 
pathway  [Plymate  et  al.,  2004].  Lin  et  al. 
subsequently  demonstrated  that  the  effects  of 
IGF  on  AR  activity  occurred  in  a  biphasic 
manner  in  LnCaP  cells:  suppressing  AR  tran¬ 
scriptional  activity  at  low  passage  numbers  but 
enhancing  AR  transcriptional  activity  at  high 
passage  numbers  [Lin  et  al.,  2001].  Whether  the 
effect  is  due  to  IGF-initiated  phosphorylation  of 
AR  is  rather  controversial.  Lin  et  al  described 
that  IGF-I  phosphorylates  AR  at  serines  210 
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and  790  [Lin  et  al.,  2001],  whereas  Gioeli  et  al. 
[2002]  failed  to  find  any  sites  on  the  AR  that 
were  phosphorylated  by  IGF  through  a  peptide 
terminal  degeneration  technique.  We  examined 
the  effect  of  IGF-IR  activation  on  AR  phosphor¬ 
ylation  in  AR-transfected  M12  (M12AR)  cells. 
We  showed  that  AR  phosphorylation  was 
decreased  in  the  presence  of  IGF-I  and  that  this 
effect  was  blocked  by  an  inhibitory  IGF-IR 
antibody  A12  (Fig.  2a).  Our  newest  study 
indicated  that  serine  16  on  the  AR  is  a  potential 
site  of  dephosphorylation  whereas  serine  81  on 
the  AR  is  a  potential  site  of  phosphorylation  by 
IGF  (Fig.  2b).  The  reasons  for  discrepancies 
between  studies  are  not  entirely  clear.  One 
possible  reason  for  differences  in  phosphoryla¬ 
tion  would  be  differential  expression  of  PP2A  in 
different  cell  types. 

IGF-IR  SIGNALING  EFFECTS  TRANSLOCATION 
OF  THE  AR  TO  THE  NUCLEUS 

Phosphorylation  of  the  AR  may  result  in 
several  changes  that  could  alter  the  AR  tran¬ 
scriptional  functions.  One  of  these  effects  could 
be  translocation  of  the  AR  to  the  nucleus. 
Whereas  AR  phosphorylation  was  thought  to 
be  necessary  for  nuclear  translocation,  recent 
data  has  shown  that  phosphorylation  of  AR  at 
serine  650,  which  takes  place  after  the  AR  is  in 
the  nucleus  and  bound  to  DNA,  results  in  the 
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Fig.  2.  IGF-I  induces  AR  dephosphorylation,  a:  M12AR  cells 
were  labeled  with  ortho-^^P.  Cell  lysates  were  immunoprecipi- 
tated  (IP)  with  AR-specific  antibody.  IB,  western  blotting, 
b:  M1 2AR  cells  were  IB  with  serine-specific  anti-AR  antibody. 


export  of  AR  from  the  nucleus  [Gioeli  et  al., 
2006].  Thus,  the  process  of  dephosphorylation  of 
specific  serines  on  the  AR  may  account  for 
retention  of  AR  in  the  nucleus  and  accentuated 
signaling.  As  we  have  shown  in  Figure  2,  IGF 
decreases  phosphorylation  of  the  AR  in  our 
M12AR  cells.  We  also  have  evidence  that  IGF 
can  enhance  AR  nuclear  translocation  in  the 
absence  of  androgens  and  that  this  effect  can  be 
inhibited  by  an  IGF-IR  inhibitory  antibody 
(Fig.  3a).  We  have  also  demonstrated  the 
changes  in  AR  compartmentalization  in  nuclear 
and  cytoplasmic  fractions  in  response  to  IGF 
using  Western  blot  analyses  (Fig.  3b).  Using  the 
AAR3  probasin  reporter  assay,  we  show  a 
significant  transactivation  of  the  AR  in  the 
absence  of  androgen  and  enhanced  AR  activa¬ 
tion  in  the  presence  of  androgen  by  IGF-I  in 
M12AR  cells.  The  AR  transactivation  response 
to  IGF  can  be  blocked  by  the  IGF-IR  antibody 
A12.  These  data  indicate  that  even  in  the 
absence  of  androgen,  IGF  can  induce  transacti¬ 
vation  of  the  AR.  Whether  this  is  attributed  to 
changes  in  phosphorylation  of  the  AR  as  we 
have  discussed  or  to  the  recruitment  of  AR  co- 
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Fig.  3.  Confocal  image  and  cell  fractionation  showing  IGF-I- 
induced  AR  translocation  into  the  nucleus  in  M12AR  cell  lines, 
a:  M12AR  cells  in  IGF-I,  DHT  free  medium,  b:  M12AR  cells  in 
medium  containing  lO'^M  of  DFHT.  c:  M12AR  cells  in  medium 
containing  1 0  ng/ml  of  IGF-I.  d:  Medium  containing  1 0  ng/ml  of 
IGF-I  and  1 0  gg/ml  of  anti-IGF-IR  antibody  Al  2.  e:  AR  in  cytosol 
and  nuclear  fractions  of  M12AR  cells  under  various  culture 
conditions.  Red  fluorescence.  AR,  androgen  receptor.  IGF-I, 
insulin- 1  ike  growth  factor  I.  DFHT,  di  hydrotestosterone. 
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factors,  or  to  both  has  yet  to  be  determined. 
Regardless,  these  studies  suggest  that,  in 
castrated  patients,  the  increase  in  AR  expres¬ 
sion  coupled  with  intact  IGF-IR  signaling  can 
lead  to  AR-mediated  AI  prostate  cancer  pro¬ 
gression.  This  marks  the  IGF-IR  a  potential 
therapeutic  target  in  post-castrated  prostate 
cancer. 

XENOGRAFT  MODELS  OF  PROSTATE 

CANCER  RESPOND  DIFFERENTLY  TO 
IGF-IR  INHIBITION  DEPENDING  ON  THE 
PRESENCE  OR  ABSENCE  OF  ANDROGENS 

We  have  reported  in  prostate  cancer  human 
xenograft  models  that  inhibition  of  the  IGF- 
IR  with  A12  results  in  a  decreased  rate  of 
tumor  growth  in  AD  and  AI  tumors  [Wu  et  al., 
2005].  However,  when  we  examined  the 
mechanisms  by  which  A12  caused  decrease  in 
growth  rate,  we  noted  marked  differences 
depending  on  whether  the  tumors  were  AD  or 
AI.  In  the  AD  tumors  we  found  that  A12 
treatment  resulted  in  a  combination  of  apopto¬ 
sis  and  G1  cell  cycle  arrest,  whereas  in  the  AI 
tumors  we  found  that  tumor  cells  arrested  in  G2 
with  no  occurrence  of  apoptosis  [Wu  et  al., 
2005].  The  question  arose  as  to  whether  these 
differences  in  responses  were  due  to  a  change  in 
the  character  of  the  tumor  or  the  absence  of 
androgen.  In  order  to  address  this  issue,  we 
implanted  the  AI  tumor  into  intact  animals.  As 
predicted,  tumor  growth  was  inhibited  in  the 
A12  treated  animals  compared  to  vehicle  trea¬ 
ted  controls.  Interestingly,  a  majority  of  these 
tumors  displayed  an  apoptotic  response  and  G1 
cell  cycle  arrest  as  opposed  to  the  lack  of 
apoptosis  when  implanted  in  the  castrated 
animals.  To  determine  potential  mechanisms 
for  this  effect  of  androgen  on  the  tumors,  we 
performed  cDNA  microarray  analyses  of  A12- 
treated  AI  tumors  from  castrated  and  intact 
animals  and  found  marked  differences  in  the 
gene  expression  profiles  (Fig.  4).  Some  genes 
such  as  PP2A  and  TSC-22  were  regulated  in 
opposite  direction  with  A12  treatment,  depend¬ 
ing  on  the  presence  or  absence  of  androgens. 
It  is  of  interest  that  TSC-22  has  been 
shown  to  be  androgen-regulated  and  its  expres¬ 
sion  decreases  from  benign  prostate  luminal 
epithelium  to  cancer.  Another  interesting 
gene  differentiated  expressed  is  IGFBP-5, 
which  has  been  demonstrated  to  increase  post¬ 
castration  and  is  associated  with  recovery  from 


castration-induced  apoptosis  [Miyake  et  al., 
2000a]. 

IGF  BINDING  PROTEINS  (IGFBP)  THAT 
ENHANCE  SIGNALING  OF  IGF  LIGANDS 
THROUGH  THE  IGF-IR  ARE  INCREASED 
IN  THE  PERIOD  IMMEDIATELY 
AFTER  CASTRATION 

Following  castration,  IGFBP-2  and  IGFBP-5 
have  been  shown  to  increase  significantly  in 
both  human  prostate  and  mouse  models  of 
prostate  cancer.  Both  of  these  IGFBPs  can 
increase  IGF-ligand  signaling  through  the 
IGF-IR  and  enhance  recovery  from  castration 
induced  apoptosis  and  cell  cycle  arrest.  These 
two  IGFBPs  accomplish  this  task  by  binding  to 
extracehuar  matrix  and  maintaining  a  higher 
concentration  of  IGF  ligand  in  the  proximity  of 
the  IGF-IR  [Jones  et  al.,  1995;  Russo  et  al.,  1997; 
Kiyama  et  al.,  2003].  The  functional  importance 
of  these  changes  has  been  demonstrated  by  the 
studies  of  Miyake  et  al.  [2000b]  in  which  over¬ 
expression  of  these  IGFBPs  in  LnCaP  cells 
markedly  enhances  cell  growth  following  andro¬ 
gen  withdraw.  Using  antisense  oligonucleotides 
to  IGFBP-2  or  IGFBP-5,  this  group  was  able  to 
demonstrate  the  stimulatory  effects  of  the 
IGFBPs  on  tumor  growth  [Kiyama  et  al.,  2003]. 

INHIBITION  OF  THE  IGF-IR  IN 
CONjUNCTION  WITH  CASTRATION 
THERAPY  FOR  PROSTATE  CANCER 

These  studies  suggest  that  blocking  IGF-IR 
signaling  at  the  time  of  castration  would 
enhance  the  effects  of  androgen  withdraw. 
Preliminary  studies  in  our  laboratory  using 
mouse  xenograft  models  have  shown  a  marked 
enhancement  of  the  castration  effect  on  prostate 
tumor  growth  with  the  inhibitory  IGF-IR  anti¬ 
body  A12.  Potential  mechanisms  of  the  aug¬ 
mented  effect  of  A12  on  androgen  withdraw  may 
include  suppression  of  Survivin,  a  member  of 
the  Inhibitor  of  Apoptosis  (lAP)  family  of 
proteins  that  has  been  shown  to  play  a  role  in 
the  recovery  process  of  anti-androgen  therapy 
[Zhang  et  al.,  2005]. 

IGF-IR  ACTIVATION  CAN  STIMULATE 
AR  CO-FACTORS  THAT  ENHANCE 
AR  SIGNALING 

Insulin-like  growth  factor  may  also  influence 
AR  signaling  by  increasing  the  expression  of  AR 
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Fig.  4.  cDNA  microarray  expression  values  of  androgen-regulated  genes  differentially  expressed  in  LuCaP 
35V  tumors  from  A1 2-treated  relative  to  untreated  non-castrated  mice.  There  were  82  unique  genes  known 
to  be  androgen-regulated  which  had  significantly  consistent  gene  expression  across  all  samples  as  compared 
to  no  change  by  a  one-sample  f-test  in  SAM  (<1  %  FDR  significance  cut-off  used).  The  scale  represents  fold- 
change  in  Al  2-treated  relative  to  untreated  tumors. 


co-stimulatory  factors.  Given  the  known  100  or 
more  AR  co-regulatory  factors,  it  is  not  surpris¬ 
ing  that  IGF-IR  activation  would  enhance  the 
expression  or  activation  of  one  or  more  co¬ 
regulators  of  the  AR.  Amongst  them,  TIF-2 
(GRIP-1)  and  insulin  degrading  enzyme  (IDE) 
are  of  particular  interest.  Studies  in  a  series  of 
human  prostate  specimens  from  men  with 
prostate  cancer,  Mohler  and  Wilson  have 
demonstrated  an  increased  expression  of  TIF- 
2  in  most  of  the  recurrent  Al  prostate  cancers 
that  also  have  a  high  levels  of  AR  in  the  nucleus 
[Gregory  et  al.,  2001].  The  same  group  has  also 
shown  the  coincidence  of  increased  TIF-2 
expression  with  the  recurrence  of  Al  human 
prostate  cancer  in  xenograft  models.  Mohler  has 


also  demonstrated  that  over  expression  of  TIF-2 
in  vitro  can  increase  AR  transcriptional  activity 
in  the  presence  of  the  physiological  concentra¬ 
tions  of  adrenal  androgen.  Studies  have 
shown  that  IDE  is  a  potent  co-stimulator  of  AR 
transcriptional  activity  and  the  ability  of  IDE  to 
bind  to  the  AR  can  be  regulated  by  insulin  and 
IGF  ligands  [Kupfer  et  al.,  1994].  In  addition,  as 
the  name  implies,  IDE  can  degrade  insulin, 
IGF-I  and  IGF-II  [Udrisar  et  al.,  2005]. 

CONCLUSION 

In  this  review,  we  have  summarized  our 
current  understandings  of  the  interactions 
between  the  IGF  system  and  the  AR  (Fig.  5). 
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Fig.  5.  Interactions  of  the  IGF  system  with  AR  signaling.  pl3k,  phosphoinositide  3-kinase.  PP2A,  protein 
phosphotase  2A.  [Color  figure  can  be  viewed  in  the  online  issue,  which  is  available  at  www. interscience. 
wiley.com.] 


The  ability  of  IGF  signaling  to  potentiate  the 
transcriptional  activity  of  the  AR  in  the  face  of 
low  to  no  androgen  makes  the  IGF  system, 
especially  the  IGF-IR,  a  strong  candidate  that 
leads  progression  of  AI  prostate  cancer  through 
AR  signaling. 
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